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Physics in 1942 


By THOMAS H. OSGOOD 


Michigan State College, East Lansing, Michigan 


I. CRYSTALS AND PHOTONS 


~~ twenty years ago, alpha-particles 
from natural radioactive sources and 
protons resulting from the disintegration of light 
elements were counted by scintillations, lumi- 
nescent points of light which are visible under a 
microscope when such particles impinge on a 
screen of zinc sulfide. As gracious expressions of 
professional courtesy, workers in the field of 
radioactivity would sometimes exchange speci- 
mens of the zinc sulfide which they used in their 
experiments. In 1924, the late Lord Rutherford 
received such a gift from a friend in Germany. 
Upon examining the powder, he found it too 
coarse for his liking, and therefore directed his 
laboratory assistant, Crowe, to grind it to a finer 
size in a mortar before sprinkling it on the 
castor-oil smeared glass plate which served as a 
screen. When this was done, it was a source of 
keen disappointment to Rutherford and all who 
participated in his experiments to find that the 
new screen was quite unsatisfactory, in as much 
as only a small fraction of the incident alpha- 
particles and protons produced observable scin- 
tillations. After some correspondence, a new 
sample of zinc sulfide was received from the 
same source, with a suggestion that the material 
be used in its coarser form. This time it proved 
to be thoroughly satisfactory ; but there remained 


the unanswered question, why did the grinding 
destroy the luminescent properties of the 
crystals? 

In the intervening years, experimental and 
theoretical work photo-conductivity and 
related topics have added enormously to our 
understanding of the behavior of atoms, ions 
and electrons in crystals, and make it possible to 
give a fairly satisfactory answer to the question 
now. Complete summaries of recent work, and 
of the present knowledge of solids, are available 
in two books by Mott and Gurney! and by Seitz, 
as well as in a series of papers by many authors, 
stemming from the early work of Pohl. 

A qualitative answer to the twenty-year-old 
question will give at least an inkling of the 
concepts which enter into one aspect of the 
modern theory of solids, though it can give little 
idea of the scope of the theory as a whole. First 
it is necessary to mention that studies of the 
photo-conductivity of crystals have led to a 
clear understanding of the relations between 
crystals and photons, and have provided a good 
explanation of the coloration and darkening of 
crystals under the influence of light—matters 
which are of extraordinary importance in the 
theory of the photographic process. One of the 
most significant observations is that crystals of 
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the alkali halides, for example, when heated in an 
atmosphere of their proper alkali vapor, can 
absorb an excess of these alkali atoms, even in 
chemically distinguishable amounts. The ab- 
sorption is not a surface effect, so there must be 
within the crystals some sorts of vacancies, 
known as trapping centers where these excess 
atoms can reside. 

Now all specimens of zinc sulfide are not 
fluorescent, nor is all zinc sulfide photo-con- 
ducting. To prepare the fluorescent variety, the 
ordinary sulphide is heated alone, or with a 
small amount of another heavy sulfide, such as 
copper, manganese, or silver. This treatment not 
only renders the crystals fluorescent, but at the 
same time causes them to become photo-con- 
ducting. It appears, then, that there is a close 
connection between the two effects. As the heat 
treatment proceeds, the zinc sulfide decomposes 
slightly, and a preferential evaporation of sulphur 
atoms takes place from the surface. An ab- 
normally large number of zinc atoms is thus 
left behind in the solid, and metallic atoms of 
the accompanying heavy sulfides may also infil- 
trate to the crystal. These excess foreign or zinc 
atoms diffuse throughout the crystal, perhaps as 
positive ions, but more likely as neutral atoms. 
If some are in the form of ions, there must be a 
corresponding number of free electrons wander- 
ing, or trapped, in the lattice, for the crystal is 
electrically neutral. Be that as it may, the 
luminescence of the crystal under the influence 
of ultraviolet light or of flying particles is def- 
initely conditioned by the presence of these 
excess zinc atoms or ions, which may be raised 
by a local stimulus to excited levels. During the 
return to their normal levels, the light which 
constitutes fluorescence or a scintillation is 
emitted. 

However, the internal economy of such a 
luminescent crystal is sensitive to external dis- 
turbances. Even the mechanical forces involved 
in crushing the crystals in a mortar, or the 
heating which may be a secondary effect accom- 
panying rupture, may be enough to cause the 
excess zinc atoms or ions in the finely powdered 
crystal to form small aggregates of zinc metal, 
which will be definitely anchored at one spot in 
the crystal. Indeed, the process is probably 
closely akin to that whereby a photographic 
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film, upon exposure to light, or upon being 
pinched, undergoes local electrolysis, forming 
free bromine and numerous tiny bunches of free 
silver atoms which are the black grains in the 
developed emulsion. Once this has happened in 
zinc sulfide, the excess solitary metallic atoms are 
no more, and scintillations will be produced but 
rarely by impinging alpha-particles or protons. 


II. THERMAL DIFFUSION 


Different kinds of molecules can usually be 
separated from a mixture by combinations of 
physical and chemical means. With the dis- 
covery of isotopes, and with the recognition of 
their importance in the study of artificial radio- 
activity, the need has grown more urgent for a 
method of separation involving physical means 
alone. While the problem has become more 
pressing, it has also become more difficult, 
because the only differences between isotopes are 
differences of mass amounting usually to not 
more than a few percent. Maxwell’s demon could 
do the trick, but something much more practical 
is required. A also 
achieve a complete separation, but with a yield 
only about one-ten-millionth of what is desired. 

Several new methods have been tried in the 
partial 
success.’ Perhaps the most promising at the 
moment is that involving thermal diffusion. This 


mass spectrograph can 


last twenty years, many achieving 


is not the same effect as the ordinary diffusion 
process which is described in elementary accounts 
of the kinetic theory of gases, and which occurs 
and is manifest in a gas mixture maintained at a 
uniform temperature. By virtue of the process 
of ordinary diffusion a local concentration of a 
foreign gas, introduced artificially into a gas-filled 
chamber, will distribute itself uniformly within 
the limits of statistical error throughout the 
whole volume, merely because all the molecules 
are moving. On the other hand, thermal diffusion 
shows itself in a mixture of different kinds of 
particles which is kept at a non-uniform tem- 
perature. For the sake of simplicity, let the gas 
mixture under consideration be confined between 
two vertical parallel walls H and C, a short 
distance apart. Let H be heated and C cooled. 
Then thermal diffusion creates a concentration 
gradient perpendicular to HT and C, the lighter 
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particles being the more numerous near the 
wall H. Strong convection currents then come 
into play, carrying the abnormal concentration 
of light particles upward and the abnormal con- 
centration of heavy particles downward. Thus, 
after a time, the upper part of the enclosure will 
be over-populated with lighter particles, the 
lower part with heavier particles, whence these 
‘fractions’ can be drawn off by appropriate 
means. 

Unfortunately, this argument amounts to 
nothing more than a statement of the facts of 
the case; as an explanation it appears to be 
entirely illusory, for nearly all writers on the 
subject are emphatic in their statements that 
an explanation of the phenomenon cannot yet 
be expressed in simple terms. In estimating the 
success with which the separation of a binary 
mixture of molecules of dissimilar masses may be 
carried out it is customary to calculate’ the 
value of a thermal diffusion factor a, which 
connects the coefficient of ordinary diffusion with 
the coefficient of thermal diffusion and with the 
concentrations of the two types of particles 
whose separation is desired. The expression for 
a in terms of the fundamental characteristics of 
the mixture involves, in addition to the masses 
of the constituents, a function which depends on 
the law of force which is assumed to be operative 
between the particles. If a spherically sym- 
metrical power law of repulsion is considered, 
such that the force between a pair of particles is 
inversely proportional to the mth power of their 
distance apart, then a@ is found to contain a 
factor (n—5). Hence it follows that for n=5, 
that is, for what are known as Maxwellian par- 
ticles, the thermal diffusion factor @ is equal to 
zero. Therefore, for such particles, no separation 
by thermal diffusion is possible. It also follows 
that the concentration gradient between the 
walls HJ and C mentioned above may be reversed 
in direction, depending on whether n is greater 
than 5 or less than 5. The simplest available 
derivation of the general shape of the function 
representing the diffusion factor is to be found 
in a note by Frankel,’ who employs dimensional 
analysis for the purpose. The factor has also been 
interpreted in a somewhat different fashion by 
Grew,® whose experiments show the reversal of 
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sign in the separation of mixtures of varying 
proportions of ammonia and neon. 

It is, of course, certain that the forces between 
molecules are not in general spherically sym- 
metrical nor describable by an inverse power 
law. Nevertheless, the closeness with which such 
a law approaches the truth may be gauged by 
the accuracy with which it can be used to predict 
a thermal diffusion factor which can be compared 
with an experimental value. In the case of neon, 
whose force field should, by any elementary 
argument, be spherically symmetrical, the agree- 
ment between theory and experiment is only 
moderately satisfactory. In the case of methane, 
whose force field is known not to possess the 
required symmetry, the agreement is poor. A 
further difficulty arises because the simple 
assumption of a spherically symmetrical field of 
force leads to a value of a which is independent 
of temperature. Experimental results show that 
this is not even approximately true. 

In spite of the many defects of the theory, the 
process of thermal diffusion is in practice an 
effective separator of isotopes. Clusius and 
Dickel, whose work is mainly responsible for the 
renewed attention which is now being paid to 
this subject, used a multiple-tube unit with an 
effective length of 36 meters, and obtained from 
ordinary hydrogen chloride light and heavy 
samples of chlorine which were about 99.5 per- 
cent pure. Since the method is applicable also to 
liquids, it will no doubt be used by those who 
seek to develop practical sources of atomic 
energy in an effort to separate the priceless 235 
isotope from ordinary uranium. 


Ill. THE NUCLEUS 


The exploration of the atomic nucleus is not 
exploration in the true sense of the word. No 
one can look into a nucleus to see what is there. 
Rather, the problem is one of deriving a plausible, 
but in the first place tentative, structure, and 
then seeing how it withstands various tests that 
can be applied to it. The process might be 
likened, indeed, to the task of a geographer of 
the middle ages who attempted to describe a 
foreign country, its people, and its physical 
features, solely on the basis of what goods were 
carried to it and from it in ships. 
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There are two parts in the problem of nuclear 
structure: First, what is a nucleus composed of; 
second, how is it held together? The answer to the 
first question is now fairly definite, but the 
second requires much more research. The forces 
which are familiar in the laboratory, and upon 
which the operation of most laboratory instru- 
ments depends, forces like those described by 
Coulomb’s law, are still in control when atomic 
distances of the order of 10-° or 10-* cm are 
involved. But at distances only one-ten thou- 
sandth as great it is not surprising that new types 
of forces appear. These new forces are what hold 
the components of the nucleus together. They 
come into play only when the components 
approach very close to one another. In technical 
language, we are interested in the proton-proton 
and proton-neutron interaction. The most ob- 
vious way of finding out about such interactions 
is to let protons be scattered by other protons 
or neutrons by protons and so on. By varying 
the speed of the incident particles the closeness 
of approach can be varied, and the short-range 
forces can be found as functions of the distance 
of separation. The investigation of the scattering 
of protons by protons has been going on for 
several years, but only in a few places because of 
the complexity of the apparatus required to 
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Fic. 1. The vertical acceler- 
ating tube, guarded by external 
metal rings, of the voltage quad- 
rupling outfit used by Ragan, 
Kanne, and Taschek at the 
University of Wisconsin. In the 
background is a bank of con- 
densers and the power supply 
unit for the arc. (Courtesy of 
R. F. Taschek.) 


provide the necessary stream of fast-moving 
particles. The general nature of the proton- 
proton forces is known up to incident proton 
energies of about 2 Mev. A great deal of a more 
detailed nature remains to be discovered. Ex- 
periments of half a dozen years ago showed that 
the scattering of protons by hydrogen, that is by 
other protons, was far from what could be 
expected from a simple Coulomb law of force. 
The scattering was such as might occur if the 
repulsive Colomb force, operative at compar- 
atively large distances, changed rather suddenly 
into a strong attractive force, when the distance 
between the particles was of the order of 10-" 
cm. Now there must be some critical distance 
(for some particular velocity of the incident 
protons) at which these two types of force com- 
pete, as it were, for control of the scattering 
process. Should an incident particle pass just 
outside this critical distance, it will be scattered 
normally by the Coulomb field; but should it 
pass just inside, it will be whipped around the 
target nucleus and will suffer a deflection which 
differs considerably from that which occurred in 
the former case. There will therefore be a scarcity 
of scattered particles at some definite angle with 
respect to the incident beam, for some particular 
energy of incidence, which must, however, be 
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large enough to bring true nuclear forces into 
play. This minimum in the scattering curve has 
been shown to lie at 45° for 400-kev protons, but 
until Ragan, Kanne, and Taschek’ studied the 
region in detail the available. information was 
only approximate. 

The space-variation of the short-range nuclear 
forces of which we have spoken cannot, it is 
found, be described by a simple power law such 
as r-". The variation may not even be con- 
tinuous. Probably the most successful and com- 
pact way of representing these forces is to specify 
what kind of a potential well they are equivalent 
to. For example, Breit* and his co-workers in 
1939 published an analysis of proton scattering 
up to that date, and concluded that the results 
could be represented over a range of 2 Mev by 
supposing that each proton behaved as a square 
“potential well’? superposed upon an existing 
Coulomb field. Unfortunately, the relevant data 
were not able to give an unambiguous estimate 
of the shape of the well; a considerable latitude 
had to be permitted. Now the new observations 
of Ragan, Kanne, and Taschek remove the am- 
biguity. With a high voltage generator at the 
University of Wisconsin they studied the scat- 
tering of protons by hydrogen in the region 200 
to 300 kev. A view of the accelerating tube of 
this outfit, which has already been described in 
the literature, is shown in Fig. 1, and the 


Fic. 2. The spider-like unit on 
the right is one of the scattering 
chambers used by Ragan, Kanne, 
and Taschek. By changing the de- 
tector from one arm to another, 
protons can be observed scattered 
at variousangles from the primary 
beam, which comes down the 
large inclined tube behind the 
chamber. Part of the pumping 
system is seen at the left. 
(Courtesy of R. F. Taschek.) 
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pumping and detecting systems, situated a short 
distance below the accelerating tube, are seen 
in Fig. 2. 

The reasons for choosing this range of energy 
for particular study are as follows. On either side 
of the minimum referred to above, that is, about 
300 kev, or about 500 kev, the scattering is par- 
ticularly sensitive to the shape of the potential 
well which is chosen to represent the proton. 
Hence, an accurate determination of the amount 
of scattering in one or both of these neighbor- 
hoods will give information from which a correct 
choice can be made of the well parameters. At 
the time of their theoretical work, Breit, Thaxton, 
and Eisenbud could not decide whether a well 
of width 2e?/mc? and 10.5 Mev deep, or a well 
three-quarters as wide and nearly twice as deep 
represented the results the better. Both gave 
the same scattering at voltages around 2 Mev, 
and the scattering at lower voltages was not 
known precisely enough to make a distinction 
between the two well-forms possible. The new 
work from the University of Wisconsin, even 
though difficult to perform with the necessary 
accuracy because of the low penetrating and 
ionizing power of the low-energy protons, decides 
conclusively in favor of the potential well 10.5 
Mev deep and 2e?/mc? across. This is, however, 
not the only type of potential well which can be 
made to fit the observed data. Others have been 











tried, with moderate success. But the problem 
does not end here. With a knowledge of proton- 
neutron interaction as well, binding energies, and 
then masses can be calculated for such particles 
as He’ and Het. If the assumed potential well for 
the proton leads to the wrong result for these 
masses, then the constants describing the poten- 
tial well must be further modified, or a new 
shape must be tried. The first attempts are 
naturally made with the simplest forms of well 
which offer some prospect of success. 

The interaction between pairs of elementary 
particles, such as proton-proton or _ proton- 
neutron, are known to be of very nearly the same 
magnitude. Nevertheless, the theoretical bases 
on which the detailed calculations of nuclear 
structure rest amount to little more than a series 
of assumptions, in need of being tested. If an 
experimental result is in agreement with any one 
set of assumptions, the validity of the others may 
be ruled out, but this agreement, in itself, does 
not imply the absolute correctness of the 
hypotheses with which the agreement is found. 
Experimental work thus proceeds asymptotically, 
as it were, towards a complete understanding of 
these short-range nuclear forces. The time is not 
ripe for a critical experiment which can solve the 
problem completely, but during the last year 
several contributions have been made towards 
the solution of certain aspects of the problem. 
For example, Carroll® has studied the interaction 
of slow neutrons with protons, using as target 
material the hydrogen nuclei in a series of hydro- 
carbons. This has a bearing on the prediction 
made by Fermi that the cross section under such 
conditions is influenced by molecular binding. As 
typical results, Carroll found the cross section 
of the proton to slow neutrons to be 3210-*4 
cm? for hvdrogen gas, and 49X10-** cm? for 
gaseous butane, thus showing that the effective 
target area per proton increases with increasing 
complexity of the bombarded molecule. In a 
paper published a few months ago, Tatel!® re- 
ported an investigation of the protons scattered 
by high energy neutrons. For experimental con- 
venience, of course, the neutrons were flung at 
the more or less stationary protons, some of 
which recoiled under the influence of close col- 
lisions, and were detected in ionization chambers. 
He found that the scattering, referred to the 
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center of gravity of the system of particles, was 
isotropic, within the ten percent accuracy of his 
experiments. Such a result is interesting because 
of its relation to the earlier theoretical work of 
Rarita and Schwinger."' These two authors 
worked out the consequences to be expected in 
proton-neutron scattering on the basis of three 
different assumptions. One of these assumptions, 
which predicted asymmetrical scattering, now 
appears to be ruled out. 

When theory and experiment concern them- 
selves with scattering by very complicated nu- 
clei, a much more general point of view has to 
be taken. No longer can the details of the process 
be considered separately; a statistical or thermo- 
dynamic treatment is required, in which the 
heavy scattering nucleus is considered to possess 
some of the attributes of a drop of liquid. Such 
a nuclear model has already had some success in 
the interpretation of the results of nuclear 
fission. When it is applied to the scattering of 
neutrons by lead, an energy spectrum of the 
inelastically scattered neutrons can be predicted. 
Several years ago, Weisskopf predicted that fast 
neutrons, all of one velocity, incident upon a 
heavy element would be scattered inelastically 
in such a way that the neutrons, after scattering, 
should show a Maxwellian distribution of 
velocities. This point has been tested by Dunlap 
and Little using neutrons from the D—D 
reaction with an energy about 2.5 Mev. The 
distribution of scattered neutrons turns out not 
to be Maxwellian, but to have a much greater 
proportion of high energy particles than a clas- 
sical distribution would have. The reason for 
expecting a Maxwellian distribution is that the 
moving neutron is presumed to be captured 
temporarily by the scattering nucleus, then 
ejected like a molecule evaporating from a warm 
drop of liquid. It seems more likely now that the 
re-emission of a neutron takes place, or may take 
place, before ‘‘thermal’’ equilibrium has been 
attained in the nucleus, and that the scattered 
neutron emerges from the temporary nucleus at 
some point where a fortuitous concentration of 
kinetic energy still exists. This mechanism would 
account for scattered neutron energies in excess 
of those corresponding to a calculated equi- 
librium temperature of the nucleus. Such a 
definite, mechanical picture of the nucleus must, 
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however, be developed further with caution, and 
only insofar as additional experimental checks 
are available. 


IV. THE NEUTRINO 


Until about ten years ago it was generally 
believed that a nucleus was built up of protons, 
or groups of protons and negative electrons. The 
emission of beta-particles and of alpha-particles 
by naturally radioactive nuclei with energies 
greater than could be derived from the extra- 
nuclear structure was considered almost sufficient 
evidence of their presence there. But with the 
discovery of the neutron there came a change in 
point of view, which threw into strong relief the 
difficulties attending the assumption that elec- 
trons existed in the nucleus. These difficulties 
were concerned with such things as nuclear spin, 
nuclear magnetic moments, potential barriers, 
and the distribution in space of the electron 
matter waves. Protons and neutrons are now 
believed to make up the nucleus. What then of 
the negative electrons which are, without doubt, 
emitted by radioactive material? The modern 
view is that such disintegration electrons are 
created at the moment of their emission, just as 
a photon can be created and emitted by the 
extra-nuclear structure when a change of total 
energy occurs. 

Thus some of the difficulties of the continuous 
beta-ray spectrum are solved, but not all of them. 
Here we are not concerned with the line spectrum 
of beta-rays, which arises through the action of 
nuclear gamma-rays on outer electrons. The beta- 
particles which appear to come from the nucleus 
have a wide energy spectrum, from zero to a 
definite upper limit, which is different for dif- 
ferent members of a radioactive series. Thus 
there is a fixed change in the energy of the 
original nucleus, but a varying amount appears 
as energy of the beta-ray. In the face of the 
enormous mass of evidence which elsewhere 
supports the conservation laws of energy and of 
momentum, it seems unreasonable to throw them 
aside for this one case. Another solution of the 
difficulty is needed. Fermi, in 1934, assumed that 
another undetected particle, the neutrino, took 
part in the disintegration, carrying away a 
varying amount of energy so that the desired 
balance could be maintained. 
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In one sense this is a very logical solution, but 
since it puts the burden on something which 
cannot complain, it can hardly be called a satis- 
factory one; for the properties which the neutrino 
must possess to function as it is supposed to are 
nearly all negative—no mass, no charge, no 
magnetic moment, spin one-half. The problem 
is therefore to detect the neutrino to see if it 
carries away about the amount of energy 
expected. 

The usual physical methods are useless, so 
that secondary effects must be used. Several 
attempts have been made to demonstrate the 
neutrino’s existence by measuring the recoil 
momenta of other particles which take part in 
the disintegration process. Any unexpected 
momentum they possess must have come from 
the neutrino’s recoil. The results of such experi- 
ments have not been entirely convincing, but, as 
the years pass, and data accumulate, the exist- 
ence of the neutrino becomes more and more 
certain. A new investigation of this matter by 
Allen® is probably less clouded by ambiguitites 
of interpretation than any previous work. 

To simplify the problem as much as possible, 
it is desirable to deal with a simple nuclear reac- 
tion. At least three entities must be involved, the 
nucleus, the beta-particle, and the neutrino. 
Therefore, to measure the momentum of the 
neutrino, it is necessary to measure the sum of 
the momenta of a nucleus and of a disintegration 
electron. The experimental technique would be 
simpler if the momentum of only one particle 
had to be observed. Kan Chang Wang" has 
pointed out that such a situation can be realized 
when a radioactive nucleus moves one step 
lower in the atomic sequence by absorbing a K 
electron into the nucleus. Be’ is an unstable 
nucleus of this type, with a half-life of 43 days. 
If its decay is traced from counts registered by 
thin-walled Geiger-Miiller tubes, it is found, by 
interposing suitable absorbing screens, that only 
gamma-rays are emitted, not accompanied by 
electrons. The reactions involving Be’ appear 
to be 





Be?7+e,—Li?7+n+1 Mev, 
Be? +e,—Li’™*+7+0.55 Mev, 
Li?*->Li?+hv+0.45 Mev, 
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recent evidence from other studies 


though 
suggests that the numerical parts of these equa- 
tions may be in error by ten percent. In one case, 
an intermediate excited nucleus Li’* is formed, 
but in any event, a neutrino, denoted by 7 is 
emitted. The detection of the neutrino therefore 


involves the observation of the Li’ recoil nucleus. 
Allen impregnated a platinum foil with active 
Be’, platinum being used on account of its high 
work function. By a preliminary heating, Be 
atoms were encouraged to diffuse to the surface 
of the foil, whence the resulting Li’ atoms could 
recoil with as little energy loss as_ possible. 
Because of the relative values of the work func- 
tions, Li? atoms resulting from the disintegration 
of Be? were given off as positive ions, but other 
atoms evaporated in the neutral state. By virtue 
of their charge, the Li’ ions were easy to handle. 
They emerged from the treated platinum foil 
with a range of velocities, depending upon the 
depth at which they originated. 

Some of these recoiling nuclei were caught by 
the first electrode of an electron multiplier tube, 
which increased the current to such an extent 
that it could be handled readily with vacuum 
tubes. Such current was, of course, propor- 
tional to the number of Li’ ions striking the first 
electrode of the multiplier. These ions, on their 
way to this electrode, were controlled by a 
retarding potential, and their number 
measured as a function of the retarding potential 
until that potential was large enough to prevent 
any of them from being detected. In this way 
Allen found that the maximum energy of the 
recoiling Li? nuclei was about 45 electron volts. 
If there were no neutrino at all, then the energy 
of these nuclei would be that derived from the 
recoil of the gamma-ray of 0.45 Mev, or perhaps 
from the 1.0-Mev gamma-ray. The latter possi- 
bility was ruled out by the results of a supple- 
mentary experiment with coincidence counters 
which showed that no gamma-ray of this higher 
energy was observed at the instant when any 
Li? ion was being detected. The 0.45-Mev 
gamma-ray could give the recoiling nucleus only 
15.6 electron volts of energy. This is so far below 
the figure of 45 electron volts found by Allen 
that it is safe to conclude that the difference 
(about 30 electron volts) was given to the 
recoiling nucleus by the neutrino. 


was 
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Theoretical considerations show that the 
amount of excess energy, 30 electron volts, is 
only slightly dependent on the mass of the neu- 
trino. The usual assumption is that the neutrino’s 
mass is zero; but if it were as large as 0.2 of the 
electron’s mass, the excess energy would be 
diminished by only one electron volt. In this 
respect Allen’s experiment is inconclusive, but it 
has increased enormously the probability that 
the neutrino really exists. 


V. COSMIC RAYS 


It was remarked a year ago that a gratifying 
semblance of orderliness had been brought into 
the study of cosmic rays by the hypothesis that 
practically all of the primary incoming radiation 
consisted of fast moving particles, probably 
protons. Although this conception is definite and 
clear cut, yet there has not been time for it to 
make its mark in simplifying the interpretation 
of the behavior of cosmic rays subsequent to 
their entry into the atmosphere. The nature of 
the primary cosmic rays on the one hand and 
their behavior in passing through matter on the 
other, therefore remain as two distinct problems. 
A helpful summary of the processes which occur 
during the interaction of cosmic rays with 
matter has recently been given by Rossi and 
Greisen" in the Reviews of Modern Physics. They 
summarize the phenomena which occur in a 
qualitative way and also treat most of them 
mathematically. Some of these effects involve 
nuclear transformations; others do not involve 
nuclear change at all. The nuclear processes are 
comparatively rare and do not contribute sig- 
nificantly to those effects which are observed by 
counter trains, effects such as the absorption and 
scattering of mesotrons, and the production of 
showers by electrons and photons. The non- 
nuclear effects are of two kinds, collision processes 
and radiation processes. In the former of these 
the primary particle affects atomic electrons 
directly. The atom may be raised to an excited 
state, and slow-moving electrons may be ejected. 
In the latter, the primary particle is accelerated 
by the field of the nucleus and in doing so gives 
out radiation. For some particles one of these 
two effects predominates; for mesotrons and 
protons of moderate energy, for example, the 
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energy lost in passing through the atmosphere 
is due almost exclusively to collision processes. 

Photons are emitted by charged particles only 
when they interact closely with the electric field 
of the nucleus. It may seem to be a step backward 
to state in 1942 that according to the classical 
clectromagnetic theory a charged particle emits 
radiation whenever it undergoes acceleration, and 
to base on it parts of the theory of the passage 
of cosmic rays through matter. But it enables 
the role played by the controlling variables to 
be estimated in a qualitative way. For example, 
the radiation loss will be a rapidly increasing 
function of the atomic number because the ac- 
celeration which a particle experiences will 
depend on the charge of the nucleus. By the 
same token, the radiation loss suffered by elec- 
trons will be much larger than that of heavier 
particles like mesotrons or protons because the 
latter will not suffer nearly such severe accelera- 
tions in a nuclear field as will the lighter electrons. 

The energy lost by radiation processes is 
carried away by photons having a spectrum of 
very wide limits, but in any one act a large per- 
centage of the available energy is usually trans- 
formed. Hence, in strong contrast to the behavior 
of mesotrons and protons, whose energy is 
frittered away gradually, very fast electrons in 
passing through matter surrender only trivial 
amounts of their energy to low-energy processes, 
while changing a great deal into energetic 
quanta. These high energy quanta may now 
produce positive and negative pairs or else may 
produce new fast-moving electrons by Compton 
recoils. Thus a new supply of fast-moving light 
particles is created. The give-and-take continues; 
these fast-moving electrons again lose energy by 
radiation and the resulting photons again produce 
fast-moving particles. The whole process is sum- 
marized in the phrase ‘‘cascade shower.”’ It is 
obvious from the description given that a shower 
may begin either with a high energy photon or 
a high energy electron. 

It will be clear that if cosmic rays go through 
a very thin layer of material, the chance of a 
well-developed shower being formed is rather 
slight. On the other hand, if the rays enter 
extremely thick material, many of the showers 
which are produced will be absorbed in the 
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material itself. There must exist a certain thick- 
ness of material, different, of course, for different 
materials, at which the showers are most fully 
developed. Transition curves, which show the 
growth of the ionization due to these showers, 
indicate that the thickness at which full develop- 
ment occurs is not quite the same for photons as 
for electrons. Since the penetrating ability of 
photons and of electrons is not the same, they 
will, in the first instance, begin to produce 
showers at different depths, but after the cascade 
process has been established there should be no 
essential difference in the transition curves for 
the two types of primary agent. Theory predicts 
that on the average, the photon-induced process 
should lag behind the electron-induced process 
by about the distance in which a photon has a 
twenty-five percent chance of being absorbed. 
The theory, which is quantitative, and which is 
much more specific than this qualitative state- 
ment implies, predicts the distance to be 0.3 
cm in lead. Nereson"® finds an experimental value 
very close to this figure. 

The secondary processes accompanying the 
absorption of cosmic rays are very complicated. 
One method of attack on the problem is simply 
to find out with the help of suitable coincidence 
counters what occur simul- 
taneously, with the presumption that such simul- 
taneous events may be causally related. When 
simultaneous events have been recognized, then 
the conditions under which they are observed 
can be made increasingly stringent, and the 
number of variables controlling their appearance 
can be reduced to a reasonable number. Although 
no one experiment can be considered a crucial 
one, yet the data obtained from a well-chosen 
series may be expected, upon analysis, to indicate 
the key events which occur. 

Along these general lines, Korff and Clarke,'? 
in the high Rockies, have searched for a con- 
nection between the occurrence of showers and 
the production of neutrons. They find that coin- 
cidences between these events occur for showers 
generated in a variety of substances. The rate of 
production of neutrons is small, being of the 
order of 10-* or 10~* neutron per g per sec. at the 
summit of Mt. Evans, an altitude where cosmic 
rays are much more intense than at sea level. 


different events 
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Fic. 3. View near the top of Mt. Evans, Colorado. The simple prismatic building is the cosmic-ray laboratory operated 
jointly by the University of Denver, the University of Chicago, and Massachusetts Institute of Technology. (Courtesy 


of S. A. Korff.) 


The site of their experiments is shown in Fig. 3. 
In the middle distance is a hut which appears to 
be, and is, nearly all roof. This is the cosmic-ray 
laboratory maintained jointly by the University 
of Denver, the University of Chicago, and Mas- 
sachusetts Institute of Technology. 

In the same laboratory, Bostick'® used a cloud 
chamber to study the non-electronic particles 


which accompany showers. He found heavy - 


particles, which he interpreted as slow mesotrons 
or slow protons, in about 6 percent of his pic- 
tures; and in about 1 percent of the total 
expansions, there were pairs of penetrating par- 
ticles, which must obviously have been produced 
nearby, and could not be primary particles 
coming from outer space or from the fringes of 
the earth’s atmosphere. In closely related experi- 
ments, Auger'? also found some low energy 
mesotrons accompanying the soft component. 
The origin of the soft component of the rays 
is still a matter of debate. It is known to consist 
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of electrons, which may arise from a variety of 
secondary processes, and may even include the 
last remnants of primary electrons, much slowed 
down by their journey through the atmosphere. 
Another possibility is that practically all the 
soft component can be accounted for by the 
electrons which are one of the decay products of 
mesotrons. This last hypothesis has been de- 
veloped mathematically by Rossi and Greisen,”° 
who were able to compare their theoretical 
results with the experimental values found by 
Greisen”! for the intensity of the soft component 
as a function of altitude and of zenith angle. It 
will hardly surprise the reader to learn that the 
comparison led to the conclusion that there was 
something correct and something incorrect about 
each of the hypotheses. Rossi and Greisen sum- 
marize this phase of their work in the statement 
that electrons arising from the action of meso- 
trons, by decay or otherwise, should show a much 
less rapid variation of intensity, both with alti- 
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tude and with zenith angle, than is actually 
observed. The source of this fast-varying elec- 
tronic component in soft cosmic rays is therefore 
probably to be found in secondary processes 
accompanying the absorption of fast primary 
electrons. At sea level, however, and also in the 
very high atmosphere, the numbers of electrons 
arising from mesotron decay appear to be nearly 
adequate to account for the whole intensity of 
the soft component. 

The facts that mesotrons are produced in the 
high levels of the atmosphere, and decay on their 
subsequent downward flight have been among the 
most helpful basic concepts in the correct inter- 
pretation of cosmic-ray phenomena. Going one 
step farther, Auger and Daudin™ have inquired 
whether or not other parts of the atmosphere 
may not also make contributions to the mesotron 
population. Their experiments showed that some 
particles emitted under thick layers of lead have 
the same penetrating power as low energy meso- 
trons. This result would indicate that at least 
some such particles are normally produced in air 
at low altitudes. 

In a further search for quantitative data, 
Rossi* and his friends have continued their ex- 
periments to determine the lifetime of the 
mesotron. Since the lifetime of a mesotron varies 
with its momentum, being longer for energetic 
particles, it is necessary to specify its rest 
lifetime, as it were. Most values taken from the 
literature in the last two or three years run from 
one to three microseconds. In the recent experi- 
ments of Rossi, the value comes out at 2.8+0.03 
microseconds. 

Turning now to the problem of the primary 
radiation, Millikan, Neher, and Pickering™ have 
recently coordinated several results of a world- 
wide cosmic-ray survey (Figs. 4 and 5) to provide 
a working hypothesis concerning the distribu- 
tion-in-energy of the rays as they enter the 
earth’s atmosphere. They are very careful, 
however not to commit themselves as to the 
actual nature of the incoming radiation, beyond 
admitting that 60 percent of it may consist of 
charged particles, and it is to be regretted that 
they are yet unable to point out the features of 
their theory which are, and those which are not, 
in agreement with the proton hypothesis. 

The general argument which these writers 
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follow is this. They point out that all competent 
authorities agree that the only acceptable origin 
of stellar energy is the transformation of mass 
into other forms of energy, following the well- 
known Einstein relation mc?=E. Stellar energy 
is apparently adequately provided for by as- 
suming, inside stars, the synthesis of simple 
atoms into more complex ones, but such a 
process does not give particle or photon energies 
as large as are observed in cosmic-ray experi- 
ments. It is therefore very satisfactory to know 
by direct observation that cosmic rays do not 
come from the stars but from a much more 
uniform distribution of sources throughout the 
nearby universe. Millikan, Neher, and Pickering 
assume that in interstellar space complete atomic 
annihilation is going on. The energy thus released 
is adequate to account for the observed cosmic- 
ray energy, and is much larger than that avail- 
able from the synthesis of heavy atoms from 
simpler ones. The spectrum of the radiation thus 
generated in space will be governed by the total 
energies of the atoms which are most frequently 
found there, and here astrophysical evidence 
shows that the commonest atoms are hydrogen, 
helium, carbon, nitrogen, oxygen, and silicon. 
These occur in the approximate ratios 100, 10, 
1, 1, 1, 1, respectively. Taking each of these 
atoms in turn, the three authors show that the 
magnetic fields of the sun and earth would debar 
radiation due to the annihilation of hydrogen 
from reaching the earth’s surface, but that radi- 
ation from the other five annihilation processes 
would be able to reach the earth in certain 
localities. The less energetic rays will be able to 
reach low altitudes in the earth’s atmosphere 
only at high magnetic latitudes, while the most 
energetic ones will penetrate to sea level at the 
geomagnetic equator. The five species of atoms, 
helium, carbon, oxygen, nitrogen, and silicon 
give rise to radiations of energy approximately 
2 billion electron volts, 6 Bev, 7 Bev, 8 Bev, and 
14 Bev, respectively. In proceeding northward 
or southward at a fixed altitude from the mag- 
netic equator, the cosmic-ray intensity, due only 
to the 14-Bev component at the equator, will 
be enhanced by the appearance and detection of 
the less energetic components, each coming in 
at a fairly definite magnetic latitude. The 8-Bev 
radiation begins to be detected, for instance, at 
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a magnetic latitude of 33° or 34°, but is not found 
between this and the equator. Hence the over-all 
result is a series of steps or plateaus in the 
cosmic-ray intensity curve. The experimental 
evidence is not nearly as straightforward as these 
simple statements imply, but from an analysis 
of data from many parts of the world Millikan, 
Neher, and Pickering make out a fairly reason- 
able case for their hypothesis. The relative 
abundances of interstellar atoms should provide 
a check on the relative intensities of these five 
energy bands. At the moment, it is safe to say 
that the predicted energy in each band is not in 
contradiction to the observed energy, but quan- 
titative estimates are still so rough that it is too 
early for a test of the whole hypothesis on this 








basis. What the general reader would welcome 
would be an interpretation of the findings of 
other schools of cosmic-ray research in terms of 
this five-band theory. 


VI. X-RAYS 


Considerable differences of opinion still exist 
concerning the diffuse reflections of x-rays from 
crystals. It will be remembered that a paper by 
Zachariasen™ a few years ago revived an interest 
in the occurrence of faint spots in diffraction 
patterns obtained either by the Laue or the 
Bragg method. Since that time the pages of 
several journals have been enlivened by spirited 
discussions as to the real cause of these anomalous 
spots. A very extreme point of view is held by 








Fic. 4. Launching pilot balloons to carry an electroscope to near the limit of the atmosphere at Bismark, North Dakota. 
Readers who are not familiar with western states will find intersting extremes of terrain in Figs. 3 and 4. (Courtesy of 


R. A. Millikan.) 
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Raman and his school in India, which is at 
variance with views now current in Great Britain 
and the United States of America. A clear sum- 
mary of the situation has been given by Preston,”® 
who is quoted directly in the following account. 
The progress made in the investigation of this 
interesting subject in India has recently been 
reported in the Proceedings of the Indian Academy 
of Science of October, 1941, which is wholly 
devoted to a “Symposium of Papers on the 
Quantum Theory of X-Ray Reflection and the 
Raman Reflection of X-Rays in Crystals.”’ This 
description of the subject matter reflects very 
clearly the difference in the interpretation of the 
phenomena which exists between French, Amer- 
ican, and British physicists on one hand, and the 
group of Indian physicists at Bangalore working 
under the leadership of Sir C. V. Raman on the 
other. 

When a single crystal of, say, aluminum, 
rocksalt, or sylvine is mounted in a beam of 
x-rays which traverse the crystal in a direction 
parallel to a cubic axis, a Laue photograph is 
obtained if the beam consists of white radiation. 
In addition to the Laue spots, there appears on 
well-exposed plates a number of streaks, running 
through the Laue spots, which apparently should 
have no business there. When the composite 
x-ray beam is replaced by a monochromatic 
beam, the usual theory of crystal diffraction 
tells us that no reflection should be observed 
unless the crystal is oriented in a particular way. 
In general, the condition for reflection will not 
be satisfied, except by a lucky accident, and a 
blank photograph should result. However, in 
fact, reflections are observed. They are faint, 
but have the symmetry proper to the crystal 
axis in which the incident x-ray beam lies. It is 
this background of non-Laue diffuse reflections 
that is attracting the attention of x-ray crystal- 
lographers. To what is it due? 

There appear to be several possible answers to 
this question. The most comprehensive is perhaps 
to say that the diffuse background arises as a 
direct result of departures from geometrical per- 
fection in the crystal architecture. A periodic 
flaw, a regular precipitation of an impurity, and 
the temperature vibrations of the atoms are all 
possible and probable causes. It is the task of 
the experimenter to devise means of identifying 
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Fic. 5. Two young Indian gentlemen watch while W. H. 
Pickering receives cosmic-ray signals coming from a 
transmitter high in the atmosphere. The scene is the top 
of a building at Agra, India. (Courtesy of R. A. Millikan.) 


the different causes so that use may be made of 
the machinery provided by the mathematician 
to enlarge our knowledge of the solid state. Those 
features of the background reflections which 
occur in crystals of pure substances, so that flaws 
and chemical segregation are excluded from con- 
sideration, are evidently of great importance. 
There is general agreement on all sides that this 
background is due to movement of the atoms or 
molecules of the crystal from the positions of 
perfect geometrical alignment. The differences 
of interpretation arise in assigning the cause of 
the movement, and in the mechanism of x-ray 
scattering. In Great Britain. and the United 
States, the whole effect is ascribed to the static 
geometry of the crystal, so the diffuse background 
is a picture of the dynamic vibrations of the 
crystal. The undisturbed crystal can be regarded 
as a medium in which the density varies periodi- 
cally in space, and the effect of the temperature 
vibrations is to superimpose a spectrum of much 
longer elastic waves on the natural periodicity of 
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the crystal. The whole crystal then diffracts as 
a unit, and the resulting pattern consists of the 
usual Laue reflections plus a background due to 
the motion of the atoms. 

The point of view adopted by the Bangalore 
group of physicists is rather different. To begin 
with, the quantum aspect of the interaction of 
x-rays with the atoms of the crystal is em- 
phasized. The radiation scattered from an oscil- 
lating atom is stated to consist of three com- 
ponents the amplitudes of which depend on the 
amplitude of oscillation of the atom, and which 
differ in frequency. The first component, which 
gives rise to the normal reflections, has the fre- 
quency v of the primary x-ray beam, while the 
other two have frequencies v+v’, where yv’ is the 
frequency of atomic oscillation. The frequency 
change is unfortunately too small to be measured 
directly. This description of the mode of forma- 
tion of the anomalous spots can be shown to 
lead to certain contradictions. For example, it 
can be used to show that the diffuse spots must 
be in part controlled by the elastic properties of 
the crystal; but such a dependence is essentially 
denied by Raman’s primary assumptions. . 

Preston concludes, perhaps with undue caution, 
by saying that the quantum hypothesis as set 
out by Raman is unlikely to be reconciled with 
the elastic wave explanation unless one or the 
other hypothesis is radically altered; and that 
it must be admitted, at all events, that the 
thermal-elastic theory gives a reasonably ac- 
curate account of the observed facts. On the 
other hand, Lonsdale,?? who, jointly with Smith, 
is responsible for the majority of the experi- 
mental work on this subject in England, is a 
much bolder champion of the ‘‘classical’”’ theory 
than others. She calls attention to some inac- 
curacies in experiment, and to some errors in 
interpretation which affect the conclusions of 
Raman and his colleagues, and emphasizes the 
validity of the classical interpretation of the 
Indian work. 

The real importance of the anomalous x-ray 
spots is not, however, in this argument about 
their origin but in the use to which they may be 
put to help in the solution of other problems. As 
Lonsdale hinted nearly two years ago, the diffuse 
spots are very closely bound up with the elastic 
properties of the crystal. The original theory of 
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Waller has been interpreted and applied by 
Jahn** in such a way as to relate the appearance 
and size of the spots to the elastic constants of 
the crystal. In general, the more inelastic the 
crystal, the bigger and fuzzier the spots are. The 
pattern for tungsten, for example, which is 
highly elastic, is much tidier and less intense 
than that for sodium or lead.*® The diffuse spots 
of tungsten, indeed, appear to be only one- 
thirtieth as strong as those of sodium; while 
those for lead are half as intense as those of 
sodium. These values are in agreement with 
estimates made from Jahn’s calculations. This 
is by far the most important result which has 
emerged from these studies to date, and it 
promises to be of very great practical importance 
in the future. It will allow elastic constants to 
be determined without straining the crystal. 


VII. ACTIVE NITROGEN 


There is a fascination about active nitrogen 
which brings its devotees back after years of 
absence. First discovered in 1900, the main 
features of its behavior are well known, but in 
the detailed explanations which have been 
offered for these there were many contradictions. 
The customary mode of excitation is by a high 
frequency electrodeless discharge. Under its 
influence the nitrogen glows with a yellowish 
light, which, under the proper conditions, remains 
visible for several hours after the discharge 
ceases. 

Lord Rayleigh*® has recently published a new 
series of papers on the subject, which provide 
some definite facts to be taken into account in 
any theoretical explanation of the phenomenon. 
In the first place he has, by means of a simple 
photometer, measured the luminosity of a known 
quantity of active nitrogen at intervals of a few 
seconds during its initial rapid decay; and from 
the data has arrived at the integrated light 
emitted per cm* of nitrogen under the most 
favorable conditions. This turns out to be 3.18 
candle-sec. per cm* under standard temperature 
and pressure. Thence, knowing approximately 
the average wave-length of the emitted light, it 
is possible to calculate how many quanta are 
emitted per molecule of nitrogen under the con- 
ditions of the experiment. The answer is 1.3 
x 10-%. 
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If active nitrogen be compressed, its brightness 
increases, and vice versa. Raleigh finds that if the 
gas be handled in a simple manner as in a pump, 
the brightness varies inversely as the cube of the 
volume. This result isin agreement with two other 
series of experiments. In one of them, additional 
ordinary nitrogen was admitted to a bulb con- 
taining the glowing gas, increasing the pressure 
about fivefold. The increase in brightness was 
very closely of the same order of magnitude, so 
that the brightness is proportional to the con- 
centration of inert nitrogen, because here the 
concentration of active nitrogen remained fixed. 
In the other series, two bulbs containing nitrogen 
at equal pressures were connected by a stopcock. 
First, the gas in one was activated. Upon opening 
the stopcock, the active component diffused 
throughout the double volume of inert gas, 
reducing the active concentration to one-half 
of its original value. The intensity of the light 
was found to drop to one-fourth of its original 
intensity. Hence the luminosity is proportional 
to the square of the concentration of active 
nitrogen. Therefore, in a simple ‘‘pump”’ experi- 
ment, wherein the concentrations of the active 
and inert gas must be increased together, the 
luminosity would be expected to vary as the 
cube of the concentration, in agreement with the 
result quoted above. A difficulty was found here, 
however, for upon allowing partially active 
nitrogen to expand into a vacuum, so that both 
concentrations were diminished by the same 
factor, the cube law was found to be a somewhat 
inaccurate prophet of the intensity. 

Rayleigh noticed that pieces of sheet gold, 
silver, copper, or platinum could be made red 
hot or even melted by immersion in active 
nitrogen, and he used this property to make an 
estimate of the amount of energy which must be 
abstracted from the gas in the process. The 
results are startling. In a ‘‘continuous flow”’ ex- 
periment, in which the active gas passed in a 
stream from the site of the discharge to another 
bulb containing the small sheet of metal, it was 
found that the power radiated by the hot metal 
was such that it was necessary to assume that 
every molecule which passed through the dis- 
charge carried some 5 or 10 electron volts to the 
metal foil. This might conceivably be interpreted 
as implying that the energy is carried by dis- 


VOLUME 14, FEBRUARY, 1943 


sociated atoms which associate again to Ne at 
the surface of the foil, but only on the assumption 
that every molecule was dissociated. At first 
sight this seems so unlikely that it might be ruled 
out of consideration. It would follow that the 
luminous energy radiated as the familiar after- 
glow, under favorable conditions, represents only 
a tiny fraction of the total energy transported by 
the gas to the metal. 

The addition of a little oxygen to glowing 
nitrogen has an important effect on the intensity. 
In one case it was increased 32-fold. Rayleigh 
shows that this must be a wall effect. The logical 
thing to do, then, is to experiment with various 
treatments of the walls. As found by Herzberg, 
strong preliminary heating in vacuum diminishes 
the subsequent afterglow. It is now found that 
heating in nitrogen at atmospheric pressure does 
the same. Heating in oxygen, even at 1-mm 
pressure, restores the container to its original 
helpful state. It seems clear that these effects 
cannot be explained easily by the formation or 
removal of surface layers of gas. The behavior of 
the glass surface is therefore complex. The 
behavior of the gas itself away from the wall is 
of more fundamental interest. By studying the 
glow at the center of a large flask, it was shown 
that the best results were obtained with very 
pure nitrogen, and that the addition of a trace 
of oxygen had no favorable effect in promoting 
the active nitrogen phenomena. 

Nearly all these details of behavior now 
receive an explanation in a paper. by Debeau,*! 
who learned by repeating an old observation of 
J. J. Thomson’s that nitrogen is practically com- 
pletely dissociated in the electrodeless discharge. 
Once this is established, it is possible to construct 
a very definite picture of the process of formation 
and decay. After the dissociation, according to 
Debeau, the first stage is the formation of a 
“collision complex,’’ which may then react with 
another molecule to form nitrogen in the B*II 
excited state with 9.84 electron volts of energy, 
which subsequently degenerates into the A*> 
metastable state with emission of afterglow 
radiation. Alternatively, the collision complex 
may descend directly to the 'Y state, the ground 
state of the nitrogen molecule, with liberation 
of energy as in Rayleigh’s experiments on the 
heating of metal foils. This latter is much the 
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more probable course of events, so that the 
heating phenomenon is a parallel and _ inde- 
pendent rather than a previous or subsequent 
step in the life of active nitrogen. 


VIll. GENERAL TRENDS 


The physics journals of this country grow 
slimmer and slimmer as an increasing number of 
her scientists turn from academic problems to 
investigations of military, naval, and aeronautical 
importance, the results of which cannot be 
broadcast to the world. Very few reports on 
entirely new topics are being published, and most 
recent papers, like those summarized in this 
article, are concerned with gathering up the 
loose ends of research programs initiated several 
years ago. Publications in the field of applied 
physics, such as appear monthly in this journal, 
are frequently devoted to general topics viewed 
from different angles. An experimental observa- 
tion, being a matter of fact, need not be of 
recent date to be interesting. What makes it 
interesting is the light in which it is viewed, and 





here it often happens that modern theories from 
exceedingly diverse branches of physics can be 
trained on a single problem. For this reason the 
various reports of conferences which are pub- 
lished from time to time take on an added 
importance for industrial work. These trends 
of the professional journals will undoubtedly be 
accentuated in the immediate future, and as 
time goes on, the need will grow greater for that 
peculiar type of intuition which is able to see the 
significant cross-relations between what may be 
superficially unrelated topics. 

In a year when physicists have little time to 
spare, the writer is grateful for the cooperation 
of those men who have lent him photographs to 
illustrate this article. He is also deeply in the 
debt of the authors of those papers which he has 
read recently, and from which he has quoted 
freely, often without specific acknowledgment. 
Finally, thanks are due to his colleagues, espe- 
cially C. D. Hause and J. W. McGrath, who have 
read the manuscript and have given him many 
helpful suggestions. 
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Electrostatic Electron Microscopy. II’ 


By C. H. BACHMAN AND SIMON RAMO 


Electronics Laboratory, General Electric Company, Schenectady, New York 


This paper is a continuation of the description of problems arising in the development and design of an 
electrostatic electron microscope. The present article discusses depth of focus, lens and field stops, shield- 
ing, manufacturing tolerances, the choice of the number of stages of magnification, and alternative meth- 
ods of viewing and recording the final image. A following paper will describe a completed instrument. 


DEPTH OF FOCUS 


HE depth of focus of any electron-optical 

system, whether magnetic or electrostatic, 
may be computed in the same way as it is com- 
puted for ordinary light-optical systems. Having 
chosen a minimum resolution, it is necessary only 
to examine the paths of extreme rays to or from 
the object or image as a function of the departure 
of either from best focus position. Accordingly, 
the theory will not be further considered here. 
The electrostatic microscope, having common 
accelerating and lens potentials, is one in which 
the focal length of the lenses is fixed by their 
geometrical form and dimensions, and which, for 
all practical purposes, is completely independent 
of the voltage applied to the instrument. Focus- 
ing is thus most conveniently done in the same 
way as in an ordinary light microscope—namely, 
by the axial motion of one or more parts of the 
system. Simple depth of focus considerations 
show that it will not prove practical to focus by 
moving the fluorescent screen (or photographic 
plate); though the magnification change will be 
large, the correction effect to neutralize the 
specimen departure from best location will be 
very small. This scheme, if useful in focusing at 
all, would be so only as a very sensitive microm- 
eter method. It follows conversely that one 
cannot appreciably alter magnifications by 
moving the specimen without losing resolution 
quickly. Thus, the best plan is to obtain sharp 
focus by axial motion of the specimen or some 
electrode in the electron-optical system near the 
specimen. 


LENS AND FIELD STOPS 


In an electrostatic unipotential lens, the lens 
stop cannot be placed at the center of the lens. 
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It becomes necessary then to consider the relative 
effectiveness of various possible locations for the 
limiting apertures. Small apertures already exist 
at the entrance and exit of the lens, and in general 
others may be placed ahead or beyond the lens 
region. Every electrode in the optical system that 
allows some electrons to pass through it and 
rejects others which have too great a departure 
from the axis, acts partially as a field limiter and 
partially as an aberration limiter. 
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Fic. 1. Lens stop locations. 


Suppose, for example, that it is desired to 
limit the spherical aberration of the objective 
lens. The electrons are assumed to originate at a 
point on the axis very near a focal point and to 
cross the axis again at some distance from the 
lens (Fig. 1). The electron trajectory for lens 
potential distributions previously discussed' is 
approximately as indicated in Fig. 1. Electrons 
which enter the lens region with a displacement 
r; leave the lens with a much larger displacement 
r.. Approximate computations for the case of 
voltage drops in the lens of about one-half 
anode-cathode voltage indicate that r2/r; may 
easily be as great as five and usually would be 
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expected to be greater than two. Accordingly, in 
the interests of stopping the lens without having 
to resort to minute aperture diameters (whose 
rough edges may bring in field emission and 
image distortions), it would be best to regard the 
region beyond the lens exit as the best lens stop 
location. 


The stop should be placed as close as possible 
to the exit since, as indicated in Fig. 1, the farther 
away the aperture is placed, the smaller it must 
be. Furthermore, it should be evident that as the 
stop approaches the image plane, it commences 
more and more to be a field limiter rather than a 
lens aberration limiter. 
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Fic. 2. Field stop location. 


If possible, it is advisable to limit the rays 
entering the lens to as small a bundle as is con- 
veniently accomplished by a well-rounded aper- 
ture—consistent, of course, with the ratio of r; 
to re. This procedure will lessen the possibility of 
secondary electron production on the lens side of 
the exit aperture. These secondaries, caused by 
unwanted non-axial electrons, return into the 
lens region where they bombard the electrode 
surfaces and the insulation. 

To consider the location of the stops which 
limit the field, we must move to the last lens of 
the system. For this lens we may in most cases 
consider that the electrons arrive with very small 
angles of inclination to the axis since they will be 
coming from a rather small opening at the exit 
of the previous lens which is relatively far away 
(Fig. 2). If the lens is so designed that the focal 
points are near the entrance and exit of the lens, 
then an initially, nearly parallel ray will, of 
course, be found to cross the axis rather close to 
the exit plane (Fig. 2). Thus the exit aperture of 
the last lens may be smaller than the entrance 
aperture before it begins to limit the field. 
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To summarize, the exit of the objective lens 
limits the aberrations of the system while the 
entrance of the last lens limits the field whenever 
the entrance and exit apertures of each lens are 
of equal diameters. 


SHIELDING 


The electron beam, from the source to the 
screen or photographic plate, must be shielded 
both from stray electrostatic and stray electro- 
magnetic effects. The electron gun itself must 
not be overlooked since, if the shielding problem 
is well taken care of there, it becomes possible to 
design the gun so that it may be permanently 
aligned with the remainder of the electron-optical 
system in manufacture and will not require 
re-alignment by the operator even when the 
filament is changed. 

Electrostatic shielding is easily taken care of 
in the gun by the use of shielding cylinders (Fig. 
3), every part of the instrument being at ground 
potential but the cathode and the interior por- 
tions of the focusing lenses. The authors have 
developed a lens assembly which is exceedingly 
compact and which uses a single rod inside the 
vacuum envelope to connect the negative poten- 
tial electrodes of the lenses to the cathode. The 
stray electrostatic field of this connector may 
again be shielded from the beam in the region 
between lenses by the use of further cylindrical 
shields (Fig. 3). However, inside the lens itself, 
the center electrode is energized asymmetrically 
by it, so it becomes necessary to choose the 
distance of the connector to the axis to be large 
compared to the spacing between lens electrodes. 
The detrimental effect due to this source can be 
detected in the image resolution since it will vary 
with azimuthal angle about the axis. This dis- 
turbing effect in the symmetry of the electric 
field of the lenses constitutes one limit to the 
reduction in diameter of the microscope body for 
any given lens design. 

There are two classes of magnetic shielding 
problems. The field due to the gun’s filament 
current must be attenuated highly before it 
reaches the region of the specimen. The entire 
electron path must, in addition, be shielded from 
external magnetic fields. The former problem is, 
of course, simplified if high frequency is used for 
heating of the filament. For the use of low fre- 
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quencies, such as 60 cycles, shielding has been 
obtained by adding sufficient mu metal in the 
gun components (Fig. 3) so that the magnetic 
field of the filament can reach the specimen only 
through the small vacuum pumping holes or the 
holes that must exist in the gun anode and 
defining apertures. 

By arranging the microscope to be of minimum 
diameter and by using a multiple lens imaging 
system it is possible to reduce the over-all size 
of the entire instrument so that one single mag- 
netic shield may enclose the entire structure for 
general shielding from external magnetic effects. 
The amplitude a transverse a.c. stray magnetic 
field may be permitted to reach before interfering 
with resolving power down to below 100A has 
been computed to be of the order of 10~-® gauss, 
averaged over the electron beam’s length.? For a 
given length of path and electron velocity, the 
resolution (as limited by a stray a.c. field) will 
increase with the magnification; this, because the 
ultimate deflection of the electrons at the image 
is divided by the magnification to obtain resolu- 
tion referred to the object plane. With everything 
else fixed, the resolution will vary inversely with 
electron velocity (or the square root of anode- 
cathode voltage). 

The chief difficulty in predesigning a suitable 
magnetic shield for an electron microscope is that 
the permeability of the shielding material is not 
known in the range of the exceedingly small field 
strength to which the inner layers of the shielding 
will be subjected. One has no better choice then 
than to try experimentally various amounts of 
turns of a given thickness of shielding until the 
required amont of shielding is obtained. Possibly 
the electron microscope itself will serve eventually 
as a means for obtaining such data. 

The first-order effect of a d.c. field is to deflect 
the whole image bodily. If there were truly no 
relative motion of the various electron beams 
which yield the image, resolution would be unaf- 
fected; the only effect would be a disturbance in 
the alignment of the system. Such a condition 
would call for absolute constancy of the disturb- 
ing field and the electron velocity. Now, quite 
apart from resolving power, to keep a 25,000- to 
50,000-volt electron beam centered, say within 
one-hundredth of a centimeter over a distance of 
the order of 50 centimeters, requires that the 
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transverse d.c. field be no higher than about 
10-* gauss. Obviously this degree of refinement in 
centering the beam along the axis may be relaxed 
with distance from the objective lens since the 
later lenses can tolerate greater departure of the 
beam from the axis. This factor is important in 
designing an instrument which is permanently 
aligned in manufacture. Magnetic shielding suf- 
ficient to protect the beam from transverse a.c. 
stray fields will at the same time protect against 
this disturbance in alignment due to stray d.c. 
fields of somewhat greater strength. If the a.c. 
60-cycle and d.c. fields are of comparable strength 
and the a.c. fields have been sufficiently well 
attenuated by shielding, then a generous ripple 
in the voltage supply may be permitted before 
there is a limiting of resolution by the d.c. field. 

The foregoing statements apply to all electron 
microscopes. An additional factor which comes 
up in the electrostatic instrument is that in the 
central region of the lens the electrons are travel- 
ing at reduced velocity and thus are more 
susceptible to deflection. The most serious effect 
here is that electrons on the axis are slowed down 
less than electrons at the beam edge, since the 
potential varies over the lens cross section. This 
is another way, in other words, in which even a 
d.c. transverse magnetic field would work to 
destroy resolution because electrons at different 
distances from the axis will receive different 
deflections from the same strength of stray field. 
It is possible to estimate the difference in deflec- 
tion of electrons passing through the lens on the 
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Fic. 3. Shielding of electrostatic microscope. 


axis and a few mils away from the axis by the 
aid of approximate potential distribution func- 
tions. For lenses in which the lens drop! does not 
exceed one-half of the anode-cathode voltage, 
this effect will not limit the resolution if the 
shielding is already adequate from the standpoint 
of alignment accuracy. In a design, however, 
which seeks to use a very high voltage drop at 
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the center of the lens compared to the cathode- 
anode voltage, the effect must not be overlooked. 

A stray magnetic field that is axial, since it 
acts symmetrically, may be regarded as an addi- 
tional electron lens which, if it failed to pulsate 
at all in focal length, would not be at all objec- 
tionable. An a.c. magnetic field or even a d.c. 
magnetic field along the axis may prove trouble- 
some in this respect for the desired simple electro- 
static microscope in which an appreciably greater 
voltage ripple might otherwise be allowed. It is 
possible to compute the order of magnitude of 
this effect for a given magnetic field strength by 
simply adding to the focusing action of the 
electrostatic lens system a small oscillating mag- 
netic lens whose focal length may be related to 
the magnetic field strength from the simple 
theory of magnetic lenses. Such a simple analysis 
leads to the conclusion that if the shielding is 
adequate to protect the electron path against 
transverse. fields and it is allowed to protrude 
beyond the electron path an amount equal 
approximately to the radius of the shielding tube, 
the axial magnetic field will die off rapidly 
enough so that there will be insufficient strength 
at the specimen to affect the resolving power. 
This statement assumes that the axial field is of 
magnitude comparable to the cross magnetic 
field. Particularly strong axial fields should 
probably best be regarded as an unfortunate 
choice of location for the instrument and 
remedied in a manner more straightforward than 
the addition of axial shields. 


MANUFACTURING TOLERANCES 


Glass lenses used in high-grade light optical 
instruments are known to require the most 
exacting precision in manufacture. Fortunately, 
the electrons in electron optical lenses do not 
cross electrode surfaces, but only equipotential 
surfaces whose forms are indirectly determined 
by the adjacent conductors and impossible 
tolerances are not called for in order to produce 
higher than light microscope resolving power. 
One approach to the precision manufacturing 
problem is simply to have every part of the 
microscope made with as high a precision as 
possible. Such a criterion is not very practical, 
however, for commercial production. Here it is 
desirable, if not essential, to know where the high 
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tolerances may be relaxed and to what precision 
one must necessarily build certain parts of the 
instrument. Naturally, it is difficult to obtain 
very precise specifications at this stage of the 
art. However, it is possible to obtain some idea 
of the orders of magnitude of permissible distor- 
tions by a few simple attacks. These methods and 
chief results will next be described. 

A complete electrostatic lens may be thought 
of as consisting of many thin lenses in series. 
Misalignment of any one of the lens electrodes 
(so that the three electrodes do not have a 
common axis) may be thought of as a misalign- 
ment of some of the thin lenses which are mainly 
in the immediate vicinity of that misaligned 
electrode. The electron beam when passing 
through these thin lenses will appear to these 
misaligned lenses as a non-axial beam. Aber- 
rations will result which can be computed as due 
to the failure of all electrons to be completely 
axial. With such information as has been de- 
scribed previously! as to the size of aberrations 
for a given electron path departure from the 
axis, and with some approximate distribution of 
the lens action among the regions near the various 
electrodes, the order of magnitude of this effect 
may be estimated. 

Another type of aberration might be caused by 
placing even perfectly formed electrodes in 
planes which are not all parallel to each other; 
or in other words, not perpendicular to the axis. 
Here one can think of such a lens as consisting 
of many lens sections in parallel (Fig. 4) around 
the axis so that with electrode spacing differing 
around the axis the focal lengths of these elements 
will differ accordingly. Now the variation of focal 
length that can be permitted in a lens, i.e., the 
tolerable spread of focal length that will just 
allow the desired resolution has been previously 





Fic. 4. Focal length variation around the axis. 
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computed.! Also approximate relations between 
focal length and the various inter-electrode 
spacings are known. From such information one 
can estimate the focal length spread and con- 
sequently the resolution limit due to the vari- 
ation of inter-electrode spacing with azimuthal 
angle around the axis. 

A third manifestation of insufficiently close 
manufacturing tolerances is the lack of concen- 
tricity of any one electrode. For example, a hole 
in the central electrode may not be a perfect 
circle. This is similar to the two preceding dis- 
tortions, especially the case of variation of focal 
length with angle around the axis due to non- 
parallel lens elements. The difference, however, 
is that in the case of lack of concentricity, one 
may expect an averaging effect. If, say, one part 
of what should be a circle protrudes toward the 
axis slightly, then the rest of the circle tends to 
shield and diminish the effect of that single dis- 
turbance (Fig. 5a). Though this particular case 
has not been examined theoretically, closely 
related cases have been treated. Figure 5b shows 
the case of a hemispherical hub on one of two 
parallel plate conductors. This case has been 
worked out’ and it is shown that the disturbing 
effect of the hub dies off very rapidly with 
distance from the plane—rapidly, that is as 
compared to the case of a spherical hub alone 
(without the benefit of the ‘‘averaging out’’ or 
shielding of the plane). From such analyses, one 
may make a reasonable guess as to the averaging 
factor to be expected when small distortions 
occur on the face of electrodes. The remainder of 
the estimation of the effect on resolution is as in 
the previous example. 

The results of these rough analyses indicated 
first of all that only the objective lens needs to 
be given careful attention, since the magnifica- 
tion which is usually designed into this stage 
sufficiently reduces the tolerances required for 
the second and third stages so that there should 
be no problem in manufacture. As to the ob- 
jective lens, approximate computations called 
for tolerances of a little better than one- 
thousandth of an inch in axial alignment, con- 
centricity of individual electrodes, and _ inter- 
electrode spacing variation around the axis in 
order that resolving powers superior to 100A be 
possible. 
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Fic. 5. Electrodes with imperfections in manufacture. 


Since these computations are admittedly of 
questionable accuracy, it appears excusable at 
this time to attempt to manufacture the objective 
lens with tolerances considerably better than one 
mil or the tolerances may well be expected to set 
the limit to resolution. 


CHOICE OF THE NUMBER OF STAGES 
OF MAGNIFICATION 


In an electrostatic microscope having disk- 
type electrodes, all capable of fitting into one 
cylindrical enclosure, it becomes inviting to 
consider radically shortening the electron micro- 
scope structure by the use of more than two 
stages of magnification. This shortening of the 
structure, in addition to the obvious advantages 
in vacuum pumping operations and the saving 
of material and over-all weight, yields a system 
which is much more easily shielded and aligned. 

It is well worth knowing beforehand, however, 
whether or not the choice of the number of stages 
and the spacing between lenses will materially 
affect the resolving power, the brightness of the 
final image for a given current density at the 
specimen, and other over-all performance and 
design characteristics. Let us reconsider then the 
various design conditions that have been pre- 
viously discussed to determine how these matters 
will depend upon the number of lenses. 

Expressions were derived in the previous paper! 
for resolution as limited respectively by spherical 
and chromatic aberrations: 


Sspher = (PS/2f*)r*; (1) 
dchrom —= (p/f) (AV/ V)r. (2) 


S is a characteristic constant of the lens type, 
f is the lens focal length, 7 is the radius of the 
lens stop (evaluated at the lens exit), p is the 
object distance, and AV and V are electron 
voltage spread and average voltage, respectively. 
When the number of stages is varied for a fixed 
f and fixed over-all magnification, the magni- 
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fication per stage and the object distance p will 
also vary. With an increase in the number of 
stages, p increases. 

Since the resolution as limited by spherical 
aberration [Eq. (1) ] varies with the cube of the 


TABLE I. 
No of Stages Pp (cm) 
1 1.00 
2 1.01 
3 1.05 
4 1.10 
5 1.15 


stop radius, a small percentage change in the 
latter will make up for a larger change in p. We 
can assume, therefore, that only a_ negligible 
decrease in lens stop need be made if the number 
of stages is increased say from two to three or 
four, if the resolution is to be held constant. 

If the resolution is limited by chromatic aber- 
ration [Eq. (2)], then the stop radius must be 
reduced in the same proportion as p is increased 
to hold constant resolution. Table I gives the 
variation in p with number of stages for a fixed 
over-all magnification of 10,000 and a fixed 
focal length for all stages of one centimeter. 

When taking account only of spherical and 
chromatic aberrations, there is little need for 
considering any but the first stage. Regardless of 
what number of stages is selected, the mag- 
nification per stage will always be greater than 
unity, so that the angle of rays entering the 
second lens coming originally from an axial point 
on the specimen or its image will be less than that 
entering the first lens. Also the object for the 
second lens need not be imaged with so good a 
resolving power (referred of course to the second 
lens magnification scale). 

Let us consider next the brightness of the 
final image for a given electron density passing 
through the specimen as a function of the number 
of stages. A limit in one direction may be ob- 
tained by assuming that each point of the object 
appears as a source of electrons spread uniformly 
over an angle of 27 solid radians (Fig. 6). The 
brightness is then determined by the opening 
solid angle @ of the objective lens. For a given 
stop diameter @ is seen to decrease according to 
1/p*. If the diameter of the aperture is decreased 
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to preserve resolution as the number of stages is 
increased, then the brightness is further de- 
creased. When chromatic aberration is the limit 
to resolution (a case much more pessimistic as 
regards brightness than if spherical aberration 
is assumed as the limit), the brightness would 
decrease with the fourth power of object distance. 
Thus a two-stage instrument will have around 
16 percent more intensity in the image than a 
three-stage instrument for constant focal length 
lenses, constant over-all magnification, and 
constant resolution as limited by chromatic 
aberration. 

For a wide range of specimens, it certainly will 
not be true always that the opening angle deter- 
mines the brightness as assumed in the previous 
pessimistic reasoning. The true situation on the 
average will probably be somewhere between the 
above assumption that each point of the object 
is a source, and the following picture: The speci- 
men is generally transparent and thus allows 
electrons to pass through practically undisturbed 
in angle of inclination to the axis, which angle 
is set by the gun to be small regardless of the 
number of stages. The denser portions of the 
sample deflect or absorb electrons and produce 
correspondingly less brilliant spots on the final 
screen. With the assumption that the gun sends 
electrons through the specimen at an angle that 
is smaller than the opening angle of the objective 
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Fic. 6. Point source in front of lens. 


lens, the brightness is hardly then dependent 
upon the number of stages. 

These two extreme pictures: (1) The specimen 
acts as a source of electrons which completely and 
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Fic. 7. Vanadium pentoxide 
at two different accelerating volt- 
ages. 

















uniformly fills the opening angle of the lens; (2) 
the specimen allows the electrons to pass through 
undisturbed in angle from their initial paths after 
leaving the gun—may be used also to see how 
depth of focus referred to the object plane is 
dependent upon the choice of the number of 
stages of magnification. For a specified resolu- 
‘tion, it can easily be shown from elementary 
optics that the depth of focus in the object plane 
decreases as the object position approaches the 
lens; this, assuming that the opening angle of the 
objective is completely filled by the rays which 
are assumed to come from a point on the axis. 
If, on the other hand, the electrons are assumed 
to pass through the specimen parallel to the axis, 
and to retain approximately their initial angle 
after passing through the specimen, then ob- 
viously the depth of focus is very long no matter 
what number of stages is selected. Furthermore, 
we have already granted the possible reduction of 
stop diameter as the number of stages is increased 
to maintain a given resolution. The depth of 
focus will be further increased by any such stop 
decrease. The depth of focus will thus always 
increase with an increase in the number of stages 
for a given over-all magnification, regardless of 
which of these assumptions is made. 

Various shielding problems may be said in 
general to be reduced when the number of stages 
is increased—largely because of the tremendous 
gain in simplicity of shielding that the shortened 
electronic chamber makes possible. Quite apart 
from this practical consideration of shield design 
is the fact that a short path allows less possibility 
for the cumulative action of stray fields along the 
entire electron path to become excessive. 
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METHOD OF PHOTOGRAPHY 


There are two well-known methods for pro- 
ducing a photographic record of an electronic 
image. Either the film is placed in the vacuum 
or else a picture is produced on a fluorescent 
screen and a photograph of the screen is then 
taken from outside of the vacuum with an 
ordinary camera. Both methods have been used 
for many years in the cathode-ray oscillograph‘ 
art, and both methods were described in an early 
electron microscope patent.® It is quite evident 
that there are many advantages to be gained 
from the use of external photography of the 
image. For example, the necessity for a pre- 
exhausting chamber to enable photographic film 
to be brought into the high vacuum without 
unduly long delays in re-evacuating the entire 
chamber is entirely eliminated. 

There are other considerations in the choice 
between external and internal photography which 
require considerable experimentation to evaluate. 
There is, for example, the question of exposure 
time. If the image is to be magriified electroni- 
cally to the desired degree for observation and the 
fluorescent screen then photographed at unity 
magnification, the numerical aperture of avail- 
able cameras is then such that the exposure time 
will be very long. The time duration in itself is 
probably not a serious objection, since the oper- 
ator will lose no more time in waiting for the 
exposures than would ordinarily be required 
for insertion of photographic film. Vibration 
problems and stray light may, however, easily 
become troublesome. Of greater importance 
(unless one risks destroying the specimen) is that 
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Fic. 8. Photographs of an electron image on a fluorescent screen at various magnifications. 


it is exceedingly difficult to obtain at high elec- 
tronic magnification a sufficiently intense image 
on the fluorescent screen to make possible easy 
visual observation in a well-lighted room—let 
alone short exposure time photographs of near 
unity magnification. 

Since the numerical aperture of a practical 
microscope camera increases with its magni- 
fication and, since it is highly desirable to im- 
prove radically the ease of visual observation, it 
is especially attractive to consider a system in 
which some of the magnification takes place in 
ordinary glass optics. Thus, as an example, for 
an over-all magnification of the order of 10,000 x, 
the fluorescent screen picture might possess about 
1000 X magnification and the light microscope or 
camera might magnify another tenfold. By use 
of this technique, it is possible to look at the 
images on the fluorescent screen directly; then 
to view it under various magnifications easily 
adjusted at will from outside the instrument in 
the conventional light microscope manner; and 
finally to photograph the same fluorescent screen 
image which has been studied visually. 

For visual observation, this scheme has an 
additional advantage in that glass optics have 
been developed to the point where very con- 
siderably greater light efficiency can be had than 
in the system in which the completely magnified 
electronic image is viewed on the fluorescent 
screen at about a foot’s distance, as is required in 
the more conventional electron microscope. The 
improved over-all brightness in the image makes 
possible easy observation even at low voltages 
where for a goodly portion of specimens which 
it is desired to study in such a microscope ex- 
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ceedingly good contrast may be obtained. Figure 
7 shows pictures of vanadium pentoxide recorded 
by the direct action of the beam on photographic 
film at two different voltages. These pictures 
were taken with a conventional electron micro- 
scope® at 4000 times magnification. As will 
easily be seen by noting the photographs, the 
lower voltage picture compares quite favorably 
in contrast and resolution. 

All of these advantages encourage develop- 
ment of a fluorescent screen which will be capable 
of producing an image whose resolving power 
will stand the required light-optical magnifica- 
tion. Such screens have been prepared by the 
authors and tested for resolving power and ease 
of visual observation with a light microscope. It 
is fairly easy to obtain a fluorescent screen whose 
grain size will not show under 200 magni- 
fication. However, the chief problem is that 
electrons, even if they converge at a true point 
on the surface of the fluorescent screen, will not 
result in a point source of light. The disperson of 
the electrons and the resulting light sources 
throughout the thickness of the screen material 
limits the practical magnification of an image on 
a fluorescent screen earlier than does the grain 
size. Photographs of electronic images of sharp 
edges on the fluorescent screen are shown in 
Fig. 8. These indicate the feasibility of this 
method for a practical electron microscope 
design. (It should be noted, of course, that 
similar dispersion of light and electrons occurs 
in varying degrees whether the beam falls on 
photographic emulsion or is viewed either 
directly or by transmission through a fluorescent. 
screen.) 
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New Books 








A Laboratory Manual of Electricity and Mag- 
netism 


By LEONARD B. LogEs. Revised edition. Pp. 121+xii, 
Figs. 34, 15X22} cm. Stanford University Press, 
Stanford, 1941. Price $1.90 (paper covered). 


This laboratory manual was written to accompany 
Fundamentals of Electricity and Magnetism, by Leonard B. 
Loeb, the text for the third quarter of a two-year course in 
general physics for engineers at the University of Cali- 
fornia. It contains twelve experiments. The aims of the 
book are stated in the preface as follows: 

1. Every experiment should have a clearly defined 
objective. 

2. This objective should be closely coordinated with the 
textbook used, and should be designed to emphasize only 
the most basic principles and phenomena dealt with in the 
text. 

3. The experiments shall at all costs be quantitative. 

4, They should give the student the standard methods 
and techniques of making the common electrical meas- 
urements. 

5. In addition to the experimental procedure, the student 
should be told the principles involved, the methods of 
achieving absolute evaluation in the c.g.s. system, precision 
methods available, and the reason for choosing the method 
of the text. 

6. In order to overcome the difficulties of students who 
have not had the principles of the experiment in the lec- 
tures, when four-experiments are run simultaneously, a 
complete theoretical development is given with each ex- 
periment. This does not refer to any other material and 
assumes that the student knows only the prerequisites of 
the course. If the student does not read this material before 
coming to the laboratory, he cannot finish the experiment 
in the allotted time and must postpone the experiment. 
This forces the student to come with some understanding of 
the experiment. 

7. The procedure is illustrated both with schematic dia- 
grams and perspective drawings of the apparatus and con- 
nections to make clear to the student the actual situation 
that confronts him on the laboratory table. 

8. A form is given for the student to tabulate his results. 
There are five complete sets of these forms, four of which 
have perforations for tearing them out. A tabular report 
is justified on the ground that “by devising a form adequate 
for recording in a logical and orderly fashion the results of 
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the measurements one not only guides the effective and 
orderly performance of the experiment, but also trains the 
student in processes of logical thinking, recording and 
computation.” This avoids “needless copying of the text or 
manual or of some ancient experiment dog-eared in fra- 
ternity files.” ‘‘Furthermore, the grading of problems be- 
comes simpler, thereby reducing the assistant’s load and 
permitting a much more uniform system of grading on the 
basis of accuracy tolerance.”’ 

The aims thus set forth seem to have been admirably 
achieved in the text. With most of the aims, one can 
heartily agree. The experiments are well chosen and 
coordinated. The results of one experiment are used in other 
experiments and the limitations of the method are clearly 
stated. Other interesting experiments not done in the text, 
which the student might wish to do later, are suggested. 

In the complete theoretical treatment, as is to be ex- 
pected, the derivation of the more complicated formulas is 
referred to the text. This was not supposed to be done ac- 
cording to aim (6). Although in a large course it is probably 
necessary to report the experiment by filling in a form, as in 
aim (8), this tends to make the experiment routine and 
discourages independent thinking on the part of the stu- 
dent. In writing up laboratory experiments, the student has 
his only opportunity to present material in his own words. 
The ability to write a good report is sadly lacking in most 
students. The reports do not have to be long, and they 
certainly should not be copied, but a statement by the 
student of what the experiment is all about will give him 
much needed practice in scientific expression. The student 
is often required by other instructors to write the report 
before leaving the laboratory. 

With elementary apparatus, grades on the basis of an 
accuracy tolerance are somewhat a matter of chance. 
Tolerances could be set up suitable to the apparatus, and 
the student held to these limits with grading on an all or 
none basis. One is not going to reproduce the results of the 
Bureau of Standards in the elementary laboratory. What 
the student should learn is the principles, why the results 
are not more accurate, and what to do if he wants to make 
them more accurate. He should be expected to get results 
only within the limits of his apparatus by exercising proper 
care and technique. The statements and derivations in 
some cases might be made clearer to the students. For 
example, in the middle of page 36, it is not clear how one 
obtains the resistance by letting an e.m.f. flow in a coil. 
These and other minor errors in the text can be rectified as 
they are brought out by the students. 

The author apologizes for the drawings. This seems 
unnecessary as the connections are clear and should enable 
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the student to set up the experiments correctly. There is a 
phrase in Exp. 10, “through simple reasoning for which 
there is no place in this experiment,”’ which will be sympa- 
thetically interpreted by the students, perhaps not quite as 
it was intended. 

Limitations on the choice of experiments were set by the 
apparatus available at the University of California in 1935. 
There are two improvements which probably the author 
would make: a current balance would be used for the 
absolute measurement of current instead of the tangent 
galvanometer in Exp. 3; and a calibrated variable in- 
ductance in Exp. 12 would make it possible to use a bridge 
circuit which the student could understand, rather than the 
Anderson bridge for which the theory is ‘‘unfortunately 
beyond the scope of this course.”” There are no expe.iments 
on electronics. 

This manual is well done. It should be helpful to all those 
interested in fundamental electrical measurements. 

C. W. Urrorp 
Allegheny College 





Here and There 


Awards and Honors 








The Edison Medal for 1942 has been awarded by the 
American Institute of Electrical Engineers to Dr. Edwin 
Howard Armstrong, Professor of Electrical Engineering at 
Columbia University, for distinguished contributions to the 
art of electric communication, notably the regenerative 
circuit, the superheterodyne, and frequency modulation. 


The Institute of Aeronautical Sciences has selected Igor 
I. Sikorsky, noted aircraft designer and engineering man- 
ager of the Voight-Sikorsky Aircraft Division of United 
Aircraft Corporation, Stratford, Connecticut, as recipient 
of the Sylvanus Albert Reed Award for 1942 in recognition 
of his “creation and reduction to successful practice of a 
helicopter of superior controllability.” 


Edwin C. Wells, principal contributor to the design and 
engineering work on the flying fortresses manufactured by 
the Boeing Aircraft Company of Seattle, will receive the 
Lawrence Sperry Award of the Institute of Aeronautical 
Sciences. The citation reads: ‘‘For outstanding contribu- 


tions to the art of airplane design with special reference 


to four-engined aircraft.” 


Orville Wright was elected an honorary member of the 
British Institution of Mechanical Engineers in recognition 
of his “distinguished contribution to mechanical science.” 


The London Times reports that the King of England has 
approved the recommendations of the Council of the Royal 
Society awarding royal medals for 1942. Those awarded 
among the physical sciences include: the Rumford Medal 
to Dr. G. M. B. Dobson, F.R.S., for his work on the physics 
of the upper air; the Davy Medal to Professor C. N. 
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Hinshelwood, F.R.S., for his work on the mechanism of 
chemical reactions; and the Hughes Medal to Professor 
Enrico Fermi for his contributions to the field of electrical 
structure of matter, his work on quantum theory, and his 
studies of the neutron. 


* 
Recent Staff Changes 


Dr. D. P. Morgan has been appointed Director of the 
Chemical Divisions of the War Production Board. He was 
formerly chemical consultant for Scudder, Stevens, and 
Clark of New York. 


Dr. Jack Sherman, who has leave of absence from the 
research laboratories of the Texas Company, is now work- 
ing as physical chemist for the National Defense Research 
Council, Office of Scientific Research and Development. 


Dr. F. H. Garner, for many years chief chemist of the 
Anglo-American Oil Company, has been appointed to the 
chair of oil engineering and refining at the University of 
Birmingham, England. This chair was made vacant by the 
death of Professor A. W. Nash. 


Dr. Lewis Selkirk Coonley, Associate Professor of Chem- 
ical Engineering at the Rensselaer Polytechnic Institute, 
has been made chairman of the department. His prede- 
cessor was Dr. Albert Watson Davison, who is now Di- 
rector of Research for the Owens-Corning Fibreglas Cor- 
poration. 


Dr. Thomas T. Read, formerly Vinton Professor of 
Mining Engineering at Columbia University, has been ap- 
pointed consultant in the education and allocation of en- 
gineering in the War Manpower Commission. 


* 


Society News 


At the 1942 annual meeting of the British Rheologists’ 
Club, the following officers were elected: President, Dr. C. : 
F. Goodeve; Honorary Secretary, Dr. G. W. Scott Blair; 
Honorary Treasurer, Dr. V. G. W. Harrison. 


At the 280th anniversary meeting of the Royal Society, 
Sir Henry Dale was re-elected president. 


Per K. Frolich, President-Elect of the American Chem- 
ical Society during 1942, succeeded Harry N. Holmes as 
President on January 1, 1943. Newly elected officers of the 
Society for 1943 are the following: President-Elect, Thomas 
Midgley, Jr.; Director, fourth district, L. H. Adams; 
Director, sixth district, R. E. Swain; Director-at-Large, 
Walter A. Schmidt; Councilors-at-Large, M. L. Crossley, 
Vincent du Vigneaud. W. Albert Noyes, Jr., and R. L. 
Shriner. 


Dr. Hugh L. Dryden, Editor of the Journal of the Insti- 
tute of Aeronautical Sciences, has been elected president of 
the Institute. He has been associated with the National 
Bureau of Standards for twenty-four years. 
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National Conference of Electron Microscopy 


Rk. Bowling Barnes, of the Stamford Research Labora- 
tories of American Cyanamid Company, was elected first 
president of the National Conference of Electron Micros- 
copy, which was founded by leading workers in this field 
at the recent National Chemical Exposition held in Chi- 
cago, November 27 and 28. Other elected officers are the 
following: Vice President, Albert F. Prebus, Ohio State 
University; Secretary-Treasurer, Charles Banca, RCA 
Manufacturing Company; Directors, V. K. Zworykin, 
RCA Manufacturing Company and O. S. Duffendack, 
University of Michigan. 

G. L. Clark, University of Illinois, presided at the forma- 
tion meeting. Among the topics discussed then was the use 
of the electron supermicroscope for electron diffraction and 
for the examination of bacteria, cells, rubber, synthetic 
rubber, cellulose, colloids, powders, clays, ores, smokes, 
oils, etc. 


* 


Fellowship Open 


The second Sigma Delta Epsilon Fellowship of $1000 
has been authorized for the year 1943-1944. Women with 
the equivalent of a Master’s degree, conducting research 
in the physical, mathematical, or biological sciences, who 
need financial assistance to complete their work for the 
doctorate, are eligible. Application blanks may be obtained 
from Dr. Eloise Gerry, c/o U. S. Forest Products Labora- 
tory, Madison, Wisconsin, and must be submitted with 
references in triplicate before March 1, 1943. 


* 


New Courses Offered 


Several new courses on ultra-high frequency and cathode- 
ray circuits are announced by the Graduate Electrical 
Engineering Department of the Polytechnic Institute of 
Brooklyn, as part of the War Training Program of the 
U. S. Office of Education. Courses are now being offered 
on Theory of Cathode-Ray Circuits, Experiments in 
Cathode-Ray Circuits, Introduction to Microwave Theory, 
Introductory Experiments in Microwaves, and Theory of 
Ultra-High Frequency Generators and Receivers. Registra- 
tion is still open for courses in Experiments in Ultra-High 
Frequency Generators and Receivers, and Measurements 
at Ultra-High Frequencies. Application for admission 
should be made on blanks obtainable from the Graduate 
Electrical Engineering Department, Polytechnic Institute 
of Brooklyn, 85 Livingston Street, Brooklyn, New York. 


* 


Engineering College Research Association 


An Engineering College Research Association has been 
formed by seventy-three engineering colleges to aid the 
government and industry in the war effort. It will attempt 
to use the facilities of these schools for war research and 
post-war experimentation and is designed to eliminate 
duplication by bringing together industrial and academic 
research. Dean W. R. Woolrich of the College of Engineer- 
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ing of the University of Texas is the chairman. The first 
meeting was held in Washington, November 27. 


* 
New Standard Letter Symbols for Mechanical Terms 


The American Standards Association has published an 
approved American Standard for letter symbols for me- 
chanics of solid bodies. There are sixty-eight letter symbols 
to indicate such terms as angular acceleration, circular 
frequency, factor of safety, normal strain, wave-length, 
and in addition the new standard cites general principles of 
letter symbol standardization governing manuscripts, sub- 
scripts, superscripts, unlisted magnitudes, and typography. 
The work was done by a committee composed of repre- 
sentatives from the American Association for Advancement 
of Sciences, the American Institute of Electrical Engineers, 
the American Society of Civil Engineers, the American 
Society of Mechanical Engineers, and the Society for the 
Promotion of Engineering Education. 


* 
New General Office 


Fish-Schurman Corporation, manufacturers of raw op- 
tical, technical, and scientific glass, and scientific instru- 
ments, announce the moving of their General Offices to 
230 East 45 Street, New York City. 


* 
Necrology 


Professor Alfred Baker, Professor emeritus of Mathe- 
matics at the University of Toronto and past president of 
the Royal Society of Canada, died on October 27 at the age 
of ninety-four. 


Dr. William Martin Blanchard, Protessor of Chemistry 
and Dean emeritus of the De Pauw University College of 
Liberal Arts, died on December 21 at the age of sixty-eight. 


Dr. Hans G. Beutler, research associate in physics at the 
University of Chicago, died on December 15 at the age of 
forty-six. Dr. Beutler, a well-known spectroscopist, came 
to this country in 1936 from the Kaiser Wilhelm Institute 
for Physical Chemistry in Berlin. 


Professor Carl Dorno, founder and director of the Phys- 
ical Meteorological Observatory at Davos, Switzerland, 
died recently at the age of seventy-seven. 


Charles W. Frederick, head of the science division of the 
lens factory of Eastman Kodak Company of Rochester, 
New York, died on November 29, at the age of seventy-two. 


Dr. Harrison E. Howe, Editor of Industrial and Engineer- 
ing Chemistry for twenty-one years, died on December 10 
at the age of sixty. 


Professor Wilmot V. Metcalf, who taught physics and 
chemistry and specialized in the field of physical chemistry, 
died November 21 at the age of eighty-two. 
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Contributed Original Research 





The Ploughing and Adhesion of Sliding Metals 


F. P. Bowpen, A. J. W. Moore, ano D. TABor 
Council for Scientific and Industrial Research, East Melbourne, Australia 


(Received November 21, 1942) 


Studies of the surface damage caused by the sliding of clean metals on one another show 
that penetration and distortion occur to some depth beneath the surface. Micro-examination 
shows that welding of the metals takes place quite readily even at low speeds of sliding when 
the surface temperature-rise due to frictional heat cannot be very high. In some cases the 
welded junctions may pluck out portions of the harder metal. These and other results have 
led to a more quantitative theory of metallic friction. It is suggested that in general the fric- 
tional force between clean metal surfaces is made up of two parts. The first is the force required 
to shear the metallic junctions formed between the surfaces; the second is the ploughing force 
required to displace the softer metal from the path of the harder. By using steel sliders of 
various shapes and sizes on a soft metal like indium, these two factors have been estimated 
separately, and it is shown that an approximate calculation of the friction between metal 
surfaces may be made in terms of the known physical properties of the metals. The effect of 
surface contamination is also discussed. 


THE SURFACE DAMAGE CAUSED BY SLIDING examination of the surface is made after sliding 


HEN metal surfaces slide on one another, has occurred. The usual method of micro- 
penetration and distortion of the metals examination of a metal surface by cutting a 


occur to some depth beneath the surface. The 
frictional force and the nature of sliding are both 
influenced by the bulk properties of the metals, 
and the friction cannot be regarded as a purely 
surface effect. It has been suggested! that the 
frictional resistance between unlubricated metals 
is due, primarily, to the shearing of the metallic 
junctions formed by adhesion and welding at 
these points of contact, and to the work of 
dragging or ploughing the surface irregularities 
of the harder metal through the softer one. 
Although the metals may be very carefully 
polished, hills and valleys which are large com- 
pared with the dimensions of a molecule will still 


‘be present on the surface. Contact will occur only 


locally at the summits of these irregularities. The 
high pressures at these points of contact will 
readily cause local adhesion and welding between 
the metals. 

The nature and extent of this welding and 
ploughing may be determined if a careful micro- 
~ 1 Bowden and Leben, Proc. Roy. Soc. A169, 371 (1939) ; 
Phil. Trans. Roy. Soc. A239, 1 (1940); Bowden and Tabor, 


“Council for scientific and industrial research”’ (Australia), 
Bulletin No. 145 (1942). 
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section at right angles to it or by examining the 
surface direct will not reveal very fine surface 
irregularities. Nelson? has described a technique 
which may be used to give more detailed infor- 
mation about the surface contours. In this 
method the metal surface is first protected by 
depositing on to it a layer of another metal of 
similar hardness and a section is then cut at a 
very oblique angle to it. If the section is cut at 
an angle of about six degrees to the surface it 
gives a contour of the surface with its vertical 
component magnified about ten times. Figure 1 
shows the contour of a section across the track 
formed on a flat mild steel surface (hardness 120 
B.H.N.), after a slightly worn spherical slider of 
the same metal has passed over it once. 

The section was cut at right angles to the 
direction of sliding. The load was 4000 g, the 
initial radius of curvature of the slider was 0.3 
cm and the surface speed was very slow, about 
0.01 cm/sec. The steel was unlubricated and the 
coefficient of friction was ca. 4=0.7. The width 


2 Nelson, ‘Conference on friction and surface finish.” 
Mass. Inst. Tech. p. 217 (1940). 
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Fic. 1. Taper-section of track formed by sliding a hemispherical steel rider on an unlubricated steel surface. Original 
photograph has a horizontal magnification of 200 and a vertical magnification of 2000. The width of the track is in- 
dicated by the arrows. The tearing and plucking of the steel are clearly seen. 


of the track is indicated by arrows. The horizontal 
magnification on the original photograph (repro- 
duction is approximately ? size) is 200 and the 
vertical magnification 2000. 

The localized nature of the damage is at once 
apparent. A considerable area of the surface is 
unchanged. At a number of points, however, 
penetration, ploughing and tearing of the metal 
have occurred. The depth of these torn channels 
varies from considerably less than 10~* cm to 
about 10-* cm. At other points on the surface the 
metal is raised above its former level. Some of 
this torn metal comes from the lower surface and 
some of it is probably left behind by the slider. 

If the upper surface is of a softer metal, this 
ploughing out is not observed. Instead small 


fragments of the softer metal are left welded on 
the harder one. Characteristic welded junctions 
of this type, formed when copper (hardness 60, 
B.H.N.) is slid on mild steel at a low speed are 
shown in Fig. 2. The section was again cut at 
right angles to the direction of sliding, and the 
conditions were similar to those used on the steel 
surface. The coefficient of friction in this case was 
about 0.8. The horizontal magnification is 200, 
and the vertical magnification 2000. The greater 
part of the steel surface was undamaged, and 
isolated fragments of copper were left adhering 
to the steel and distributed over it. For these 
junctions the shearing has occurred in the copper 
itself. In other cases, for example the hollows and 
pits H, shown in Fig. 2, the copper has plucked 
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Fic. 2. Taper-section of track formed by sliding a hemispherical copper rider on an unlubricated steel surface. Hori- 
zontal magnification 200. Vertical magnification 2000. The width of the track is indicated by arrows. Note the adhering 
fragments of copper, and the pits marked H where the steel has been plucked out of the surface. 
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Fic. 3a. Taper-section of portion of track formed by 
copper on steel. The copper fragment shown has welded 
firmly on to the steel surface and shearing has taken place 
within the copper itself. Horizontal magnification 1000. 
Vertical magnification 10,000. F=Ferrite, P=Pearlite, 
C = Copper. 


out small fragments of the steel. Microphoto- 
graphs of the copper steel junctions at higher 
magnifications are shown in Figs. 3a and 3b. The 
white portion of the steel in Fig. 3a is ferrite, the 
dark portion P is pearlite, and C is a copper 
fragment ca. 10-* cm wide and ca. 10~ cm high. 
It is clear that the copper is welded on to the 
steel and that the junction has sheared in the 
copper itself. A similar copper fragment is shown 
in Fig. 3b. It is seen that the forces which 
sheared through the copper have also caused 
appreciable deformation of the underlying steel, 
and have actually raised portions of the steel 
above the general level of the steel surface. Over 
a large portion of the surface, however, the break 
has occurred between the copper and the steel, 
so that there is no apparent change in the surface. 

The wear of a hard metal by a soft one which 
is brought about in this way by a welding and 
plucking action is a much slower process and is 
very different in appearance from the more 
normal abrasive wear produced by rubbing with 
a harder surface. Figure 4 at a magnification of 
100 shows the wear produced on a hard steel 
surface (hardness 600 B.H.N.) after sliding for a 
distance of 1000 cm of copper. The plucking is 
clearly seen. 
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Fic. 3b. Taper-section of another portion of track formed 
by copper on steel. This shows again the welding of the 
copper on to the steel, and the way in which the steel has 
been distorted and plucked out by the copper. Horizontal 
magnification 500. Vertical magnification 5000. 


THE SURFACE TEMPERATURE OF 
SLIDING METALS 


In these experiments the sliding speed was low, 
so that the surface temperature was sensibly the 
same as that of the bulk metal. When the sliding 
speeds and loads are sufficiently great the fric- 
tional heat may raise the local surface tempera- 
ture to a high value so that a softening or even 
melting of the metals may occur at the points of 
intimate contact. This will assist the welding 
process. The occurrence of these high tempera- 
tures has been demonstrated by measurements 
of the thermal e.m.f. developed between dis- 
similar metals sliding on one another* and by 
polishing experiments.‘ They have also been 
confirmed recently by other workers.5~-7 These 
observations are of importance since they mean 
that, under many of the conditions of load and 
speed used in practice where the temperature 
rise is undoubtedly high, the frictional behavior 
of the metals, and of lubricant films on them will 
be determined not by their properties at room 


3 Bowden and Ridler, Proc. Roy. Soc. A154, 640 (1936). 

* Bowden and Hughes, Proc. Roy. Soc. A160, 575 (1937). 

5 Thomson and Logan, J. Roy. Tech. Coll. Glasgow 4, 
696 (1940). 

6 Matthew, J. Roy. Tech. Coll. Glasgow 4, 360 (1940). 

7 Beeck, Givens, and Williams, Proc. Roy. Soc. A177, 
103 (1941). 
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temperature, but by their properties at the 
actual temperature of sliding. If the loads are 
light, however, or the sliding speed slow, the 
temperature rise will be of the order of only a 
few degrees. This was pointed out in the original 
paper*® where the conditions necessary for high 
temperatures were given, but it needs emphasiz- 
ing here since some misunderstandings seem to 
have arisen on this point. Other workers**® have 
shown that when the average speed of sliding is 
slow, the momentary temperature rise is of the 
order of 30-50°C. This is in agreement with our 
obs@frvations and it is clear that a temperature 
rise Of this order will be insufficient to affect 
sensibly the mechanical properties of the metals. 
Nevertheless, for these low speeds, and even for 
stationary surfaces, adhesion and welding of the 
metals at the local points of intimate contact 
will occur. 


INTERMITTENT SLIDING 


In much of this work the friction was measured 
on an apparatus which consisted essentially of a 
lower flat surface and an upper curved surface 
resting on it. A photograph of such an instrument 
is shown in Fig. 5. The lower surface is driven 
along at a uniform rate by a water piston. The 
upper surface is supported by a spring device for 
applying the load, and a bi-filar suspension for 
measuring the frictional force. The inertia of 
this system is small, so that it is capable of re- 
sponding readily to any rapid fluctuations in the 
frictional force which may occur between the 
sliding surfaces. It was found that with such an 
instrument, in which one part possesses an 
appreciable degree of elastic freedom, the motion 
may not be continuous but may be intermittent 
and proceed by a process of “‘stick-slip.”” This 
necessarily means that the kinetic friction during 
the “‘slip’”’ is less than the static friction at the 
“stick.”” The nature of the motion will, of 
course, depend on the mechanical properties of 
the moving system. Other workers,** repeating 
some of these experiments with similar apparatus, 





8 Morgan, Muskat, and Reed, J. App. Phys. 12, 743 
(1941). 

® Bristow, Nature 149, 169 (1942). See also Blok, J. Soc. 
Aut. Eng. 46, 54 (1940), on the theory of relaxation oscil- 
lations, and the experimental work of Papenhuyzen, de 
Ingenieur 53, 75 (1938), and earlier work by Kaidanovsky 
and Haykin, Zeits. f. Physik 3, 91 (1933). 
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find results which are similar but they lay par- 
ticular stress on the fact that the motion is deter- 
mined by the elastic properties of the system. 
This had, however, already been emphasized by 
the writers, e.g., reference 10, where it is stated 
that the motion ‘‘will be influenced by the me- 
chanical properties of the system such as the 
natural frequency, the moment of inertia, and 
the damping of the moving parts. Finally, it will 
be influenced by the velocity of the main forward 
motion.’’ Undoubtedly, however, with any par- 
ticular mechanical system the type of sliding is 
profoundly influenced by the nature of the 
metals and of the lubricant films on the surface. 
Even when the top surface is held on a massive 
steel bar, some degree of intermittent motion 
may be observed.'® Since many moving systems 

















Fic. 4. Worn portion of a hemispherical steel slider after 
it has traversed 1000 cm of track on a copper surface. The 
plucking away of the steel is clearly seen. Magnification 
100. 


possess am-apprecitable degree of elastic freedom 
and since, in the limit, the surface irregularities, 
themselves, may be capable of a small elastic 
deformation, this ‘‘stick-slip’’ motion is of fre- 
quent occurrence provided the surfaces and other 
conditions are suitable. It is not suggested that 
the occurrence of “‘stick-slip’’ is in itself proof 
that a lubricant is a poor one, although most 


10 Bowden, Leben, and Tabor, Engineer 168, 214 (Lon- 
don, 1939). 
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Fic. 5. Apparatus for measuring 
and analyzing the friction between 
slowly moving surfaces, with and 
without lubricants, at room tem- 
perature and at elevated tempera- 
tures. A = Water-driven pistons for 
driving the lower surface at a slow 
steady speed. B=Lower surface 
(flat). C = Upper curved surface held 
in spring-loading device and at- 
tached to a _ bifilar suspension. 
D = Surface thermocouple. E = Light 
source for recording friction. F 
= Light source for recording surface 
speed. G = Leads to heating element 
for heating lower surface. H =Gal- 
vanometer for giving visual read- 
ings of surface temperature. J = Gal- 
vanometer for recording surface 
temperature simultaneously with 
friction. K = Rubber tubing to cool- 
ing system below heating element. 
The recording camera is not shown 
in this figure. 





poor lubricants give a motion of this type if the 
mechanical system will permit it. The nature of 
the sliding, the value of the friction and the 
damage to the surface and other factors must all 
be taken into account. 


AMONTONS’ LAW 


Another problem that is of general interest is 
the relation between the frictional force, the area 
of contact, and the load. The early work of 
Coulomb and of Amontons led to the formulation 
of two “‘laws,” (i) that the frictional force was 
independent of the area of the sliding bodies, 
and (ii) that the frictional force was proportional 
to the applied load." There has been some dif- 
ficulty in explaining these laws, but experiments 
on the real area of contact between stationary 
and between moving surfaces offer a theoretical 
explanation of them. In these experiments” the 
area of contact between the metals was deter- 
mined by measuring the electrical conductance 
between them, and the results showed that, in 
general, contact occurred only locally at the 
summit of the surface irregularities so that the 
real area of contact was very small and was 
almost independent of the apparent area of 
contact. We should, therefore expect that the 
frictional force would also be independent of the 
apparent area of contact. 

1 Hardy, Collected Works (Cambridge University Press, 
London, 1936). 

12 Bowden and Tabor, Proc. Roy. Soc. A169, 391 (1939). 
Also see Tabor, ‘‘Dissertation’”’ (Cambridge, 1939). 
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The second law, which is often referred to as 
Amontons’ law, also presented difficulties, since 
it was usually assumed that when the load was 
applied the surface was deformed elastically. In 
this case, the area of contact and hence the fric- 
tional force would be expected to vary as the 
two-thirds power of the load and not as the first 
power.” The conductivity measurements, how- 
ever, showed that the deformation of the surfaces 
was mainly plastic."* The metals flowed under the 
applied load until the area of contact was suf- 
ficient to support it. In the case of plastic flow 
the area of contact is directly proportional to the 
applied load, so that the difficulty disappears and 
we should expect the second law (Amontons’ 
law) to hold. 

In the earlier experiments a variation in the 
load automatically produced a change in the area 
of contact. It was not possible to vary them 
independently. An artificial method of doing this 
has been used and the experiments described 
below show that under these conditions Amon- 
tons’ law breaks down completely. If the area of 
contact is kept constant, the frictional force is 
also constant and is independent of the applied 
load. It is clear that the frictional resistance is 
determined, primarily, by the real area of contact 
and that the load is important only insofar as 
it affects this area. 


1 Adam, Physics and Chemistry of Surfaces (Oxford 
University Press, London, 1938), p. 232. 
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CALCULATION OF FRICTION 


Although the physical processes that occur 
during sliding are obviously very complex, these 
and other experiments have led to the develop- 
ment of a theory of metallic friction on a more 
quantitative basis which enables us, in certain 
cases, to make an approximate calculation of the 
friction between clean metal surfaces in terms 
of the known physical properties of the metals. 
It has been suggested that we may, in general, 
write the frictional force F as F=S+P, where S 
is the force required to shear the metallic junc- 
tions and P the force required to displace the 
softer metal from the path of the slider. It follows 
that S=As where A is the real area of contact 
of the metals and s the shear strength of the 
softer metal, while P=A’p where A’ is the cross 
section of the torn track and p is the ‘flow 
pressure,” i.e., the pressure to cause plastic flow 
of the softer metal. From this F=As+A’p. 

When the load is applied to the surfaces, 
plastic flow of the softer metal occurs at the 
regions of contact until the area of contact is 
sufficiently great to support the applied load. 
With any particular metal, therefore, the real 
area of contact is determined, primarily, by the 
load W, and W=)A. 

Hence F=Ws/p+A'p and the coefficient of 
friction is 


pea — 
Wp W 





F ss A'p shear strength A’p 
a : j=, 
flow pressure W 


If the ploughing term is negligible, it follows 
that 


shear strength 


flow pressure 


A somewhat similar expression applied to the 
cutting of metals has recently been developed 
by Ernst and Merchant." 

An experimental investigation of these rela- 
tions has been made for steel sliding on indium 
which is a soft metal. By using steel sliders of 
various shapes and sizes, it has been possible to 
calculate F, S and P in terms of the flow pressure 
and shear strength of the softer metal. 


Ernst and Merchant, ‘‘Conference on friction and 
surface finish,’’ Mass. Inst. Tech. p. 76 (1940). 
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If we consider, for example, a steel sphere 
resting on a plane surface of indium, it will sink 
into the softer metal until the area of contact 
between the surface is sufficient to support the 
applied load and in that case 


W=pA, (1) 


where A is the projected area of contact. The 
force F required to move the slider forward in a 
direction parallel to the surface will be made up 
of two factors. The first is the force P required to 
displace the softer metal from the front of the 
slider, and will be equal to the cross-sectional 
area of the grooved track multiplied by the flow 
pressure of the softer metal. 


1d 


12 r 


where d is the track width and r is the radius of 
curvature of the hemisphere (see Figs. 6a and b). 
The second factor is the force S required to 
shear the metallic junctions at the points of 
adhesion between the two metals. Then 


S=As, (3) 

















Fic. 6. Deformation of a soft metal by a hard curved 
surface. (a) Hemisphere, stationary. (b) Hemisphere, mov- 
ing. (c) Horizontal cylinder normal to direction of motion. 
(d) Flat spade normal to direction of motion. 
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Fic. 7. Friction of steel on indium determined by three 
methods. X Steel sphere under load on indium surface. 
‘© Steel sphere held rigidly on indium surface. © Steel 
sphere under load on thin indium films deposited onto hard 
steel substrate. 


where s is the force per unit area which, acting 
in a direction tangential to the interface, is 
required to shear the junctions. Hence 


d* p 
F=P+S=—-—+sSA. (4) 
12 r 


From this we see that if the work of ploughing 
is small, Amontons’ law will hold, since F will 
then be equal to sA and the coefficient of friction 


p= F/W=s/p=constant. (5) 


It is clear that this general relationship should 
hold whatever the initial shape of the sliding 
surfaces. Under most normal experimental con- 
ditions, P is not very large compared with S, so 
that the deviations from Amontons’ law are not 
usually very marked. 

As another type of slider, we may consider a 
cylinder of hard metal resting on a plane surface 
of a soft metal (Fig. 6c). It is clear that the 
ploughing term P will be equal to the area of the 
submerged segment of the front of the cylinder 
multiplied by the flow pressure. The shearing 
term S will be equal to the area of the curved 
surface that is submerged, multiplied by s, so 
that to a first approximation 


1 d’ 


F=— —p-+sdl, (6) 
12 r 


where ¢ is the radius of the cylinder and 7 its 
length. 
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If the length of the cylinder is zero, i.e., if the 
slider is in the form of a semi-circular spade 
(Fig. 6d), the work of shearing vanishes, and all 
the frictional work is due to ploughing, and 


1 d* 
F=——+». (7) 
12 r 


By using conical sliders and plane sliders, 
similar relationships may be deduced. 


THE INFLUENCE OF LOAD ON THE FRICTION 
OF A SPHERICAL SLIDER 


It is assumed in the theory that the frictional 
resistance is determined by the real area of 
metallic contact and by the work of displacing 
the metal and that the applied load is important 
only insofar as it affects these quantities. It will 
be seen from Eq. (4) that, for a spherical slider 
on a plane surface, the frictional resistance in the 
case of two particular metals should depend only 
upon the track width d. 

Experiments were, therefore, carried out to 
test this. The upper spherical surface was of 
steel and the lower plane one of indium. The 
experiments were made in three distinct ways. 

(i) The friction was determined in the usual 
manner. The load was applied to the spherical 
slider and a measurement made of the force 
required to slide it over the indium. The tan- 
gential force was plotted against the track width 
d and the results are marked X in Fig. 7. 

(ii) The spherical slider was held rigidly in a 


horizontal plane and was sunk a small but 
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Fic. 8. Force P required to plough through indium with 
flat steel spade, as function of track width d. It is seen that 
P is proportional to d*. 
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definite depth into the indium surface. The force 
required to slide it was then measured and the 


‘measurements were repeated at a number of 


definite depths. Again the tangential force was 
plotted against d and the results marked © are 
shown in Fig. 7. It will be seen that the points lie 
on the same curve. 

(iii) The indium was electroplated onto a plane 
surface of hard tool steel so as to form a film of 
definite thickness. The spherical slider was placed 
on top of this, different loads were applied and 
the friction measured. 

When the load is applied the spherical surface 
will sink through the indium layer until it is 
supported by the underlying steel surface. Since 
the steel surfaces are deformed comparatively 
little by the load, further increases in load will 
have relatively little influence on the area of 
contact between the slider and the indium and d 
will now be almost independent of load. Provided 
a very thin layer of indium still adheres to the 
bottom surface so that no steel-to-steel contact 
occurs we should expect the frictional force to be 
almost independent of the applied load. Experi- 
ment showed this to be the case. The frictional 
force showed comparatively little change when 
the load was varied by a large factor. For ex- 
ample, with a load of 500 g the frictional force F 
required to slide a steel hemisphere on an indium 
film 4X10~* cm thick plated onto tool steel was 
100 g. When the load was increased to 8000 ¢ 
(i.e., by a factor of 16) the frictional force F only 
increased to 300 g. This means that the coef- 
ficient of friction as usually defined by p= F/W 
had fallen from p=0.2 to »=0.04. The most 
convenient way of varying d is to vary the 
thickness of the indium coating. Experiments 
were made with thicknesses ranging from 10-5 
to 10-* cm. The tangential force was plotted 
against d and the results marked © are shown 
in Fig. 7. It will be seen that the results again 
lie on the same curve. 

The measurements obtained by these three 
different experimental methods all give the same 
results. When F is plotted against the track width 
d the points all lie on the same smooth curve. It 
is clear that the frictional force is determined by 
d and not by the load or the method of measure- 
ment so that the theoretical assumption made at 
the beginning of the paper is justified. 
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THE PLOUGHING TERM P, AND THE 
FLOW PRESSURE p 


The theory shows that the ploughing force P 
should, in the case of the spade, be proportional 
to the cube of the track width d. In Fig. 8 the 
measured value of the tangential force required 
to pull the spade along is plotted against d*. It 
will be seen that the experimental results are in 
good agreement with the theory and the points 
lie on a straight line. 

Since P represents the work of ploughing out 
the metal its value should not be influenced by 
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Fic. 9. Friction F of steel surfaces on indium as function of 
track width d. 1. Spade. 2. Sphere. 3. Cylinder. 


the presence or absence of a lubricant. The ex- 
periment was, therefore, repeated with the 
surfaces flooded with oleic acid. The results ob- 
tained are represented on the graph by the 
points marked xX. It will be seen that they lie 
on the same straight line, and it is clear that the 
lubricant has little or no effect on P. Under cer- 
tain conditions, when the accumulated metal 
piles in front of the slider, a lubricant will 
influence P. 

By using Eq. (7), we may calculate the flow 
pressure of the metal and compare it with the 
value obtained in other ways. 

From Eq. (7) we have 


P 
p=—l2r, 


d 
where P/d* is given experimentally from the 
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slope of the curve in Fig. 8 and is equal to 50. 
Substituting in the above equation we obtain 
p=1500 g/mm. The value obtained from a 
static indentation test was 1000 g/mm* so that 
the agreement is reasonable. Since the ploughing 
experiment measures the pressure required to 
cause flow of the metal at an appreciable rate 
and the indentation test measures it under static 
conditions, we should expect the former value to 
be somewhat higher. Increasing the ploughing 
speed by a factor of 200 caused p to increase 
from 1.5 to 2.8 kg/mm®, i.e., by a factor of less 
than 2. 

As sliding proceeds the displaced metal ac- 
cumulates in front of the spade and increases the 
area of contact so that the ploughing force in- 
creases with time. For this reasor. all these 
measurements were made in the initial stages of 
sliding. 

From these results and the results of the next 
section, it is evident that the ploughing term 
may constitute an appreciable fraction of the 
total friction. For example, with a small hemi- 
spherical slider on indium it may amount to as 
much as one-third of the total friction. If a 
harder metal is used the penetration for a given 
load will be less, but since the flow pressure is 
higher, the resistance to ploughing may still be 
considerable. Analysis suggests that with a hemi- 
spherical slider on metals of different hardness, 
P should be proportional to 1/\/p so that it will 
be less important for hard metals. With a conical 
slider, however, analysis shows that P should be 
independent of p. With flat surfaces making 
contact over a large number of points the 
ploughing will be distributed over a wide area. 
It is clear that over a wide range of experimental 
conditions, the work of ploughing must be taken 
into account. 

The results show that the ploughing term may,, 
in certain cases, be calculated in terms of the 
geometry of the moving parts and the flow pres- 
sure of the softer metal. The flow pressure is used 
in this paper as meaning the pressure to cause 
plastic flow of the metal. This is not a clearly 
defined property of a particular metal and 
depends upon the experimental conditions under 
which it is measured, the direction of flow, rate 
of application of pressure, the initial state of the 
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Fic. 10. Force S required to shear metallic junctions 
formed between steel cylinder and indium. The mean slope 
is 900 g/mm. Since the length of the cylinder is 4 mm, the 
shear strength s=900/4 = 230 ¢/mm?. 


metal, and the extent to which work hardening 
takes place during flow. All these factors, as well | 
as the formation of a built-up area of the dis- 
placed softer metal in front of the slider, will 
influence the work of ploughing. Further, with 
some metals, the work hardening effect and the 
effect of speed may be considerable. 


THE SHEARING TERM S, AND THE 
SHEAR STRENGTH s 


Force Due to Shearing 


In Fig. 9 the tangential force F is plotted 
against the track width d for a steel sphere, a steel 
cylinder of length 0.4 cm, and a steel spade, all 
having the same radius of curvature 0.25 cm. It 
is seen that for a given track width the friction 
is least for the spade, as is to be expected, since 
the shearing term is clearly absent. Further, as 
we might expect, the friction for the sphere is 
intermediate in value between the spade and the 
cylinder. 

The difference between curves 1 and 3 gives 
the shearing term S for the cylinder, and from 
Eq. (6) we see that it should be proportional to 
the first power of the track width d. In Fig. 10 
the experimental value of S thus obtained is 
plotted against d. It will be seen that experiment 
is again in good agreement with theory, and from 
the slope of the curve we obtain a value of 
s= 230 g/mm’. 

The difference between curves 1 and 2 gives, 
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in a similar way, the shearing term for the sphere, 
and this yields a value of s= 350 g/mm*. 

A subsidiary test was carried out to determine 
the force required to shear solid indium. Cylinders 
of indium of various diameters were sheared 
between two flat steel plates sliding over one 
another in close contact. It was found that the 
shearing force was proportional to the area of 
cross section of the cylinders, and for the same 
speed as that used in the above friction experi- 
ments a value of s was obtained, s=220 g/mm*. 
Increasing the speed of shear by a factor of 150 
caused s to increase by only a factor of 2. 

The results obtained from the friction measure- 
ments for a variety of experiments in which steel 
sliders of different shapes and sizes were used, 
are shown in Table I. 


TABLE I. Shear strength of steel indium junctions calcu- 
lated from friction. (Sliding speed =0.005 cm/sec.) 





Slider sin g/mm? 

Small steel cylinder (r =0.25 cm) 230+30 

Large steel cylinder (r= 2.5 cm) 250+50 

Small steel hemisphere (r =0.25 cm) 300+50 

Large steel hemisphere (r = 2.5 cm) 270+70 
Curved indium slider on flat steel surface 325 
Shear strength of pure indium 220 


It will be seen that although the experimental 
methods were very different in each case, the 
values obtained for s are in reasonable agreement. 
Moreover, the value of s (i.e., the shear strength of 
the steel indium junction) is very nearly equal to 
the shear strength of pure indium. 

Further a micro-examination of the steel 
sliders showed numerous fragments of indium 
that had welded on to the steel: actual) shearing 
had occurred within the bulk of the indium itself. 

These results imply that the contact between 
clean steel and indium is extremely intimate (see 
next section). In such circumstances, one might 
expect the shear strength as determined from fric- 
tion experiments, to be higher than that obtained 
from shearing experiments on pure indium, for 
two reasons. Firstly, a considerable amount of 
work hardening of the softer metal occurs, par- 
ticularly where the deformation is greatest, that 
is, in the immediate vicinity of the interface. For 
this reason, the thin layer of metal near the 
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surface may be stronger, giving a higher value 
for s, and the shearing, when it does take place, 
may occur at an appreciable distance from the 
interface. Secondly, as Bridgman has shown, the 
shear strength of most metals is greatly increased 
when they are subjected to pressure.!® Neither of 
these factors seems to be very marked for the 
soft pure indium used in these experiments. For 
harder metals, however, where the deformation 
and work hardening may be more marked, and 
where the pressures at the points of real contact 
may be very much higher, the increase in fric- 
tional shear strength may be considerable. This 
has been observed in earlier papers.'® 


THE INTIMACY OF CONTACT AND THE 
INFLUENCE OF SURFACE FILMS 


We have seen that the frictional resistance is 
determined mainly by the real area of contact A 
between the surfaces. Under most conditions this 
area of contact is determined, primarily, by the 
load and by the flow pressure of the metals, since 
one or both of the solids flows until the area is 
sufficiently great to support the load. 

Although the area of contact is, under any 
given conditions, determined primarily by the 
mechanical properties of the solids, it is clear 
that the intimacy of the contact and the strength 
of adhesion at the points of contact will be 
greatly influenced by the presence of surface 
films. Under most experimental conditions metal 
surfaces are covered with a thin oxide layer and 
other contaminating films, and during sliding 
these oxide and surface films will be torn, and 
some metallic contact will occur. We should 
expect that the adhesion and shear strength of 
these junctions, which consist of metal plus 
torn fragments of oxide and other contaminants, 
would be less than that of the pure metal. Earlier 
experiments have shown that this is indeed the 
case. If the oxide and surface film is removed by 
outgassing in a high vacuum, the friction 
between the metals is increased to a very high 
value.’ 

In the same way we should expect that the 


15 Bridgman, Phys. Rev. 68, 824 (1935). 

16 Bowden and Leben, Proc. Roy. Soc. A169, 371 (1939), 
and especially Leben, ‘Dissertation’? (Cambridge, 1939). 

7 Bowden and Hughes, Proc. Roy. Soc. A172, 263 
(1939). 
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deliberate addition of suitable lubricant films to 
the metals would again diminish the intimacy of 
contact and the strength of adhesion at the 
junction. Although experiments show that this 
is the case, they also show that lubricant films 
are rarely, if ever, able to prevent some metallic 
adhesion from taking place. The surface irregu- 
larities penetrate and tear through the surface 
film, and metallic seizure and damage occur. The 
total area over which this metallic seizure takes 
place is, of course, very much smaller in the 
presence of lubricants than in their absence. 

It is clear that, in the case of a particular 
junction, one or two conditions may obtain: 

(1) The strength of adhesion between the soft 
metal and the hard may be greater than the shear 
strength of the soft metal. In this case the fric- 
tional force will be that required to shear the 
softer metal, the break will occur within this 
metal and fragments will be left adhering to the 
surface of the hard metal. 

If the fraction of the total area of contact over 
which this occurs be a, the frictional resistance 
due to these junctions will then be as,;A where s; 
is the shear strength of the softer metal. 

(2) The strength of adhesion at the interface 
between the two metals is less than that of the 
softer metal. In this case, slip will occur between 
the metals, and the soft metal will not be wiped 
on to the harder one. The value for the shear 
strength of these weaker junctions will not neces- 
sarily be constant. It may vary from a value 
which approaches s; down to very small values. 
Let se be the average value. Then for any general 
case of contact between metal surfaces the total 
frictional force F will be given by: 


F=A(as,+(1—a)s52). 


From the fact that the shear strength of indium- 
steel junctions as calculated from the friction 
experiments is almost equal to the shear strength 
of pure indium, it would seem that for clean steel 
sliding on indium a is very nearly equal to unity, 
and s, to the shear strength of pure indium. On 
the other hand, the taper section in Fig. 2 for 
copper on steel suggests that the adhesion is not 
sufficient to cause shearing within the copper 
over the whole area of contact, and frequently 
the break occurs at the steel-copper interface. 
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In this case a must be appreciably less than unity, 
and Ss» will be less than 5s}. 

It is probable that the main effect of adding a 
lubricant to clean metal surfaces is to reduce 
both @ and Soe. 


ELASTIC AND PLASTIC DEFORMATION. 
FRICTIONAL HYSTERESIS 


The reality of the welding process is clearly 
demonstrated when frictional measurements are 
made with soft plastic metals. With lead or 
indium, for example, sliding on steel the value 
of the friction is very variable and depends on the 
previous history. If the load is first applied and 
then decreased or removed altogether, the sur- 
faces continue to “‘stick’’ together and the tan- 
gential force necessary to cause sliding remains 
high, although there is no normal load applied 
between the surfaces. This is not observed on 
harder, more elastic, metals. For such metals, 
the frictional force decreases when the load is 
decreased and the effects are reversible. It has 
been suggested elsewhere” that the elastic defor- 
mation of the metals is responsible for this. At 
the actual region of contact where the local 
pressures are very high, the deformation of the 
metals will be plastic. Near this region, however, 
where the pressures are smaller the metals will 
be elastically deformed. When the load is de- 
creased, these stresses will be released and the 
small movement that results will serve to break 
the metallic junctions. The area of contact at 
any given time will, therefore, be determined by 
the actual load between the surfaces. In the case 
of a soft plastic metal like indium, however, 
which shows little elastic recovery, this will not 
occur, and once the clean surfaces are pressed 
together they will continue to adhere even when 
the load is reduced or removed. Similar effects 
have been observed with gold when its temper- 
ature was raised to its softening point.'? For this 
reason, measurements of the “coefficient of 
friction’’ of an indium slider on a flat steel plate 
may have little meaning. If, however, the friction 
is measured as a function of the real area of 
contact, this difficulty does not arise and con- 
sistent results are obtained. 

In the experiments described in this paper, the 
speed of sliding was very low, so that the rise in 
the surface temperature due to frictional heating 


JOURNAL OF APPLIED PHYSICS 








ic 


g 


‘S 





was small. If higher speeds are used, the rise in 
temperature may be considerable, and a surface 
softening or local melting may occur. Under 
these conditions, it is clear that the controlling 
factor in the frictional behavior of the metals is 
not their mechanical properties at room tem- 
perature, but their properties at the high 
temperature of sliding. 

The analysis outlined has been applied to 


metals which differ in hardness. It is clear, 
however, that the same general considerations 
apply if the surfaces both consist of the same 
metal, but since both surfaces are torn, it is not 
easy to evaluate the ploughing and shearing 
terms separately. The discussion and experiments 
have been confined to metals, but we may expect 
similar conclusions to hold for many types of 
non-metallic solids. 





Two-Dimensional Boundary Value Problems in Potential Theory 


I. S. SokoLntkorr, University of Wisconsin, Madison, Wisconsin 


AND 


R. D. Specut, University of Florida, Gainesville, Florida 
(Received November 11, 1942) 


A solution of the problem of Dirichlet for a two-dimensional region that can be mapped 
conformally on a circle is given by the formula of Schwarz. This formula is specialized to 
vield a complete solution of the torsion problem of St. Venant, and it is demonstrated that the 
results obtained formally by R. M. Morris are deducible rigorously from the general results 
of N. Muschelisvili. It is shown that the solution of the torsion problem for a prism whose 
cross section is the inverse of an ellipse, offered by T. J. Higgins, can be obtained more easily 
by utilizing the method outlined in this paper rather than by following the procedure of 


R. M. Morris. 


INTRODUCTION 


N a recent paper in this journal T. J. Higgins! 

considered the problem of torsion of a cylinder 
whose cross section is the inverse of an ellipse 
with respect to its center. Higgins applied a 
method of solution developed by R. M. Morris,’ 
in the process of which he obtained expressions 
for the complex torsion function and for the 
twisting moment in the form of infinite series of 
exponential functions. These series Higgins suc- 
ceeded in summing. The fact that the final results 
appear in closed form indicates that the problem 
under consideration should be capable of solution 
without intervention of infinite series, and hence 
with less calculational effort. 

In 1938 one of the present authors’ called 


1T. J. Higgins, J. App. Phys. 13, 457 (1942). 

2R. M. Morris, Math. Ann. 116, 374 (1939); Math. Ann. 
117, 31 (1940-41); Proc. Math. Soc. London [2] 46, 81 
(1940). 

31. S. Sokolnikoff and E. S. Sokolnikoff, Bull. Am. Math. 
Soc. 44, 384 (1938). 
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attention to a simple general method of solution 
of problems in potential theory which is over- 
looked by many investigators dealing with such 
technically important problems as those on the 
flow of fluids past obstacles (airfoil problems), 
flexure and torsion problems of St. Venant, and a 
variety of problems in harmonic analysis. 

It will be shown in this paper that the method 
of solution proposed by Morris, and utilized by 
Higgins, is inherently unwieldy since it depends 
on a representation of a certain mapping function 
in an infinite series of exponential functions. The 
connection of the formal procedure developed by 
Morris with the rigorous and simple method 
employed by N. Muschelisvili and others‘ will 
be dealt with completely elsewhere, and it will be 
merely demonstrated here how results obtained 
by Higgins follow immediately, in closed form, 


4N. Muschelisvili, Rendiconti, Acc. dei Lincei [6] 9, 
295 (1929). For an extensive list of references to recent 
work utilizing this method in harmonic and biharmonic 
analysis see I. S. Sokolnikoff, Bull. Am. Math. Soc. 48, 539 
(1942). 
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upon application of the rudiments of the theory 
of residues. 

Because of the great usefulness of the function- 
theoretic methods of approach to technical 
problems, and because of the lack of familiarity 
on the part of engineers and physicists with such 
methods, we give in the next section a brief 
outline of the basic ideas underlying one such 
method, and apply it to obtain the general 
solution of the torsion problem of St. Venant. The 
concluding section of this paper consists of the 
application of these general considerations to the 
particular problem 


treated by Higgins and 


verifies the correctness of his results. 


SECTION 2. GENERAL SOLUTION OF THE 
PROBLEM OF DIRICHLET 


Let it be required to determine a function 

u(£, ») harmonic in the interior of the unit circle 

¢|=1 (¢=£+in), which on the boundary y of 
the circle assumes prescribed values 


u=f(6), 


where f(@) is a continuous real function of the 
angular variable @ and has period 27. We shall 
find it convenient to denote the points on the 
boundary of the unit circle by «=e. Let the 
complex conjugate of the function u(é, 7) be 
denoted by v(£, 7); then the function 


0=0=2r, (1) 


?(¢) =u(E, n) +20(€, 7) 


is an analytic function of the complex variable 
¢ for |¢| <1. Furthermore, if ®(¢) is continuous 
up to and on the contour y, the boundary con- 
dition (1) can be written in the form 


(co) + (6) =2f(8) on 7, (2) 


where bars over letters denote, as usual, the 
conjugate complex values. If we multiply both 
members of (2) by (1/2mi)(do/o—¢), where ¢ is 
any point interior to the unit circle, and integrate 
over y, we obtain 


1 P(c) 1 
Ly wes 
21 o—¢ 21 


y 


—iige— § ——he, (D 


yo-o rid,a—¢ 


(6) 1 = 


The first of the integrals in the left-hand member 
of (3), by Cauchy’s integral formula, equals 
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#(¢) while the second* is equal to &(0). Thus (3) 
yields the formula 


1 ¢ f(@) 
6(¢)= - | —-do+const. (4) 


mid,a—¢ 


The formula (4) reduces the solution of the 
problem of Dirichlet for a circle to a quadrature. 

Consider now a region R bounded by a simple 
closed curve C drawn in the complex z plane 
(s=x-+7y), and let it be required to determine a 
function g(x, y) which is harmonicin Rand which 
assumes on the boundary C continuous real 
values g(x, y). Then 


g=2(x, y) on C, (5) 


and if ¥(x, y) is the complex conjugate of g(x, y), 
the function 


F(z) = 9(x, vy) +1 (x, y) 
is analytic in the region R. If F(z) is continuous 


in the closed region R+C, then the boundary 
condition (5) can be written as 


F(z) +F(2) =2g(x, y) on C. (6) 


We introduce next a function z=(¢) mapping 
the region R conformally on the region bounded 
by the unit circle y in the ¢ plane; then the 
function 


Flw(¢) J=(¢) 


surely is an analytic function of ¢ for |¢| <1. It 
follows from (6) that the real part of (¢) 


assumes on |¢| =1 the values 
w(a)+a(e) w(c)—a(e) is 
———) ———— ene, 7 
2 21 
since 
o=e" and «=e—*. 


Thus, the problem of determining the function 
F(z) is reduced to the calculation of the function 
(¢) from formula (4) in which the function f(6) 
is given by (7). 

* Note that since ®(¢) is analytic in | ¢| 
tinuous in |¢}==1, 


<1 and con- 


#(¢) =(1/c) = Da,o~". 


n=O 


Consequently 














© Ay c dn e 
i 2 da= > { —do=ay= (0). 
J 4 n=0 o"(ao—f) n=0 ¥ a"(o—¢) 
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The advantage of the method of solution just 
outlined, aside from its remarkable simplicity, 
is that it makes available the theory of residues, 
which in many instances enables one to obtain 
solutions in closed form and with a minimum of 
calculational effort. 

We proceed to specialize the foregoing con- 
siderations in order to obtain the general solution 
of the torsion problem of St. Venant. The torsion 
problem of St. Venant for a right cylinder whose 
normal section is a simple closed curve C is solved 
whenever one determines the function (x, y) 
which is harmonic in the region R bounded by C, 
and which satisfies the boundary condition 


y= 3(x?+ y*) = 322 on C. (8) 


It is customary to define the complex torsion 
function G(z) by the expression 


G(z) _ ety, 


where ¢ is the complex conjugate of y, and 
represents the distortion of the cross sections of 
the cylinder. If the region R is mapped con- 
formally on the unit circle y in the ¢ plane, with 
the aid of the mapping function z=w(¢), then 


etiv=G[o(¢) ]=2(¢), 


and it is clear from (8) that the imaginary part 
of the analytic function Q(¢) satisfies the con- 
dition 


¥ = 30(0)o(¢) =f(8) on |F| =1. (9) 


Accordingly, formula (4) becomes available 
for the determination of the complex torsion 
function provided that we replace** in (4) &(¢) 
by 


(1/7) 2(¢) =y—t¢, 
and f(@) by the function defined in (9). Thus 





do+const., 


- MF fs 


y¥2 o-§ 
or 


a. 


1 w(a)a(1, oc) 
a=— J - ——do+const., (10) 
2r 


since ¢=1/¢ on y. 
It is a simple matter to calculate the torsional 
rigidity of the cylinder in terms of the variables 


** We recall that the boundary condition (7) was im- 
posed on the real part of the function #(¢). 
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of the ¢ plane. Indeed, the torsional rigidity D is 
given by the formula 


D=uf (x?+ y*)dxdy 
R 


taf f (e292) asa (11) 


where J, is the polar moment of inertia of the 
normal cross section of the prism, Do stands for 
the second integral in the right-hand member of 
(11), and yu is the shearing modulus. 

An elementary calculation, making use of 
Green’s theorem, yields® 


= ulo+uDo, 


1 
ae” Jtaa ‘a) |?w(c)dw(c), (12) 


4 
1 er - 
ae [Q(e)+2(1/c) Jdlw(a)a(i1/o)]. (13) 


Since the shearing stresses X, and Y, are given 
by the expressions 


X.=urtL(d¢/dx)—y], Y.=url(d¢/dy)+x], 


where 7 is the angle of twist per unit length of 
the cylinder, we can write 


dg dy 
X,-1Y, =ur( i" -y—ie) 
Ox dy 


dg dy 
-u| (“+i—) -i(x-iy)| 
Ox Ox 


dG/dz=(d¢/dx)+i(dp/adx), 


But 


and the foregoing expression assumes the form 
X,—iY,=ur[.G'(z) —1z |. 


Setting z=w(f) and recalling the definition 
2(¢) =G[w(¢) ], we get a compact formula for the 
stresses, 


MS) 
X,—1Y.=p (ria (14) 
vw’ (¢) 


6 These formulas are due to N. Muschelisvili, reference 4; 
see also, I. S. Sokolnikoff, Mathematical Theory of Elasticity 
(Brown University, 1941), 394 pp., formulas (44-7) and 
(44-8). 
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The twisting moment M is given by 
M =pr(Io+Do). (15) 


Formulas (10), (14), and (15) furnish all the 
necessary information pertaining to action of 
twisted beams. 

If the mapping function w(¢) is expanded in a 
power series in ¢, and if 


ow 
z=w(f)= Ddng™ (16) 
m=0 
is inserted in (10), (12), and (13), one obtains at 
once the expressions given by Morris.* 

In order to indicate how the formalism of 
Morris can be rigorously justified, we derive an 
expression for the complex torsion function used 
by Higgins.® 

We observe from (16) that 


x x 
w(o)@(1/o)= Sano” > dna~™ 


m=0 m=0 


(17) 


where 
«x 
bn = > Gnimin- 
m=( 


Inserting from (17) in the integrand of (10) we 
obtain (without calculations) 


x 
(5) =t Do dng", 
n=0 
e 4) 
since >> b,0" is analytic in the unit circle and 
n=0 


do 
J ——— =0 for x=1, 2, ---. 


The derivation of the expression for the moment 
M is equally simple. 

R. M. Morris gives a formal solution of the 
torsion problem for those cases in which the coef- 
ficients ad» in (16) are known. However, if the 
mapping function w(f) is originally given in 
closed form, it may be easier to proceed directly 
from formulas (10), (12), and (13) rather than 
expand w(f) in a power series and then deal with 





formula appears on p. 387 of Morris’ paper in Math. Ann. 
116 (1939). 
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the resulting infinite series. We illustrate this by 
giving an elegant solution of the problem con- 
sidered by Higgins. 


SECTION 3. TORSION OF A PRISM WHOSE 
CROSS SECTION IS THE INVERSE 
OF AN ELLIPSE 


The mapping function for the inverse of an 
ellipse with respect to its center is’ 
z=csec(wt+ik), ¢=e” 
or 
2cre* 
s=w(f)= 


ce+e 


In this case Eq. (10) becomes 


2c? o*do 
a=— f - +const. 
wr #, (o*+e"*)(o*+e-**)(o—¢) 
= —4c*i(R, + R2)+const., 


where R, and R: are the residues of the integrand 
at o=ie* and «= —ie*, respectively. We have 
R,=[oe?(o+ie")—'(o?+e-**) "(a — 6) ~' Jo nik 
te* 


A(e— te*) sinh (2k) 


Re=——— mate 
4(¢+7e*) sinh (2k) 





and hence 
Q= ¢+i~=c* csch (2k) tan (w+7k), 


which is Eq. (16) of T. J. Higgins’ paper. (The 
constant in (10) has been taken equal to 
—ic® csch (2k).) Equation (12) for the moment of 
inertia J) takes the form 


I,= Acti f oo" —e**)(a?+e7*)-3(¢2+e-**) "do 
7 


= —8mc'(R3+ R,), 


where R; and R, are the residues of the integrand 
at o=ie~* and o=-—ie“, respectively. The 
residues are: 

(d/da)[o*(o? —e?*)(a?+e?*)—-3(¢+ie—*)—* Janik 
—csch! (2k)(2+cosh 4k) /16= R,, 


R; 


7Cf. T. J. Higgins, reference 1, formula (1). 
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and therefore 
Iy=2c*(2+cosh 4k) csch4 2k. 
Similarly from (13) we get 


Dy= —i4c! csch (2k) f o(t —g')? 


| 
x (o2+e2*)-3(g2+- 6-24) -8dg 
=8nc' csch (2k)(R;+ Rs), 


in which R; and Rg are the residues at ¢ =te~* and 
o = —ie~*. We find that 


R; 


3(d*/do*)[o(1 —a*)2(a2+e"*)-3 


X (o+ie*)— ecie-k 
—(csch* 2k) /8= Rg, 


II 


and hence 
Do = —2c* csch‘ 2k. 
The twisting moment, as given by (15), is 
M =yur(Io+ Do) =urmc'(2 csch? 2k+csch! 2k), 
which is formula (31) of T. J. Higgins’ paper. 
The shearing stresses may be found either from 


the relations 


X,=yrdV/dy, Y.=—prdwv/dx, 


v¥=y¥—3(x*+y"), 


or from Eq. (14). 





Probable X-Ray Mass Absorption Coefficients for Wave-Lengths Shorter Than the 
K Critical Absorption Wave-Length 


Joun A. VICTOREEN 
The Victoreen Instrument Company, Cleveland, Ohio 


(Received December 11, 1942) 


\bsorption coefficients of all elements may be calculated, 
from short wave-lengths up to the K critical absorption 
wave-length by the expression: 


u/p=and8Z?2(2Z/A) — BMZ5(2Z/A)+a-No(Z/A). 


This formula holds for all elements when suitable values 
for a and B are chosen. Factors a and @ are related to the 
atomic number, Z, by the expressions a=(aZ?+bZ—c), 
and 8=(dZ?—eZ +f). Different values of the constants a, 
b, c, d, e, and f are required for each side of the critical 
absorption wave-lengths and for either side of Z=5, and 


INTRODUCTION 


UMEROUS empirical have 

been suggested for calculation of mass and 
atomic absorption coefficients. None, however, 
has represented all elements nor covered wide 
ranges of wave-lengths. 

The prevailing belief has been that the rate of 
change of the absorption coefficient increases up 
to the critical absorption wave-length, and hence 
most empirical expressions have been of the 


expressions 
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are given for the short wave-length side of the K critical 
absorption wave-lengths. The values of aZ?(2Z/A) and 
8Z°(2Z/A) computed for all elements, are shown in the 
tables. The calculated mass absorption coefficients of a 
few elements are also furnished together with comparison 
of calculated mass absorption coefficients with published 
experimental data. No anomalies were found and the 
average agreement is of the order of 1 to 2 percent for all 
elements and all wave-lengths on the short wave-length 
side of the K critical absorption wave-length. Values for 
the region between the K and JL, critical absorption 
wave-lengths will be published later. 


following type: 

w=Cr"Z"+b. (1) 
A few examples, each intended to cover only a 
limited range of atomic numbers or wave-lengths 
are: 
Siegbahn,! up» =C’d" for a given Z, 
Bragg and Pierce,? u.=CZ'r*”, 


1M. Siegbahn, Physik. Zeits. 15, 753 (1914). 
2W. H. Bragg, Phil. Mag. 29, 407 (1915). 








Hull and Rice,*? u/pa:= 14.9% 
+0.12 for aluminum, 
Walter,’ 7, = 2.64 10-7°Z*%, 
Richtmyer,® u.= 2.29 10-7725, 
.Dershem and Schein,® up, = 1.65 & 10-°8Z*4, 
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Fic. 1. Values of o-No calculated from the Klein-Nishina 
formula. 


Earlier expressions assumed the scattering 
coefficient [6 in (1) ] to be about 0.15 and inde- 
‘pendent of wave-length. Classical theory, how- 
ever, led to the following expression for scattering 
per electron : 


8 ze’ 


o=--—. 

3 m*c* 

But this does not agree with experimental 
data; these indicate a scattering coefficient 
which varies with wave-length. 

Compton,’ Dirac,’ and Klein and Nishina® 
modified the classical expression by taking into 
account the relativistic mass of the electron. 
Their expressions led to the classical value at 
the longer wave-lengths, but differ considerably 
at short wave-lengths. Only the Klein and 
Nishina formula has given good agreement with 
experiment. However, satisfactory agreement 
has been obtained only on elements of low 
atomic number and at short wave-lengths, for 
only under these conditions is the contribution 
of photoelectric absorption sufficiently small to 
make any error in its estimation of negligible 
importance. 


+A. W. Hull and M. Rice, Phys. Rev. 8, 326 (1916). 

* B. Walter, Forts. a.d. Geb. d. Roentgen 35, 929, 1308 
(1927). 

*’F. K. Richtmyer, Phys. Rev. 18, 13 (1921). 

° E. Dershem and M. Schein, Phys. Rev. 37, 1238 (1931). 

7 A. H. Compton, Phys. Rev. 21, 483 (1923). 

§P. A. M. Dirac, Proc. Roy. Soc. 101, 405 (1927). 

*O, Klein and Y. Nishina, Zeits. f. Physik 52, 853 (1928). 
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The expression suggested by Klein and 


Nishina is: 


re' {ita 2(1+a) 1 
¢-=—--2 ‘| —_—§ —-— log. (1+22) 
mc | oe L1+2a ea 
1 1+3a 
+— log. (1+2a)— —I. (3) 
2a (1+2a)? 


Here a=hv/me and ¢/p=a.No(Z/A) with: 


o,—the scattering per electron, 
No—Avogadro number, 

Z—atomic number, 
{—atomic weight, 
a /p—the mass scattering coefficient, 
e—the electronic charge, 

m—the electronic mass, 

c—the velocity of light, 
h—Planck’s constant. 


A graph of values of ¢-No obtained from the 
Klein-Nishina formula for various wave-lengths 
-is shown in Fig. 1. 

Assuming that the scattering coefficients 
predicted by the Klein and Nishina formula will 
hold also for higher atomic numbers, an empirical 
expression has been derived, by means of which 
the mass photoelectric absorption coefficient 
may be calculated for any element. Empirical 
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Fi1G. 2. Mass absorption coefficients of copper. Scale for 
u/p on left for first part of curve and on right for second 
part of curve. 
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Fic. 3. Ratio of the wave-length of maximum absorption 
to critical absorption wave-length. 


data thus obtained, support the values predicted 
by the Klein and Nishina formula, for the 
calculated mass absorption coefficients agree 
with experimental data within the apparent 
observational error. 


EMPIRICAL EQUATIONS 


Previous expressions of the type of Eq. (1) 
can be used to represent the change of the 
absorption coefficient over a small range of 
wave-lengths and atomic numbers. When applied 
to wide ranges of wave-length they lead to 
values of u«/p which are increasingly higher than 
experimentally determined values, particularly 
in the region approaching the critical absorption 
wave-length. 
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Fic. 4. Mass absorption coefficients of hydrogen. 
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Richtmyer® investigated a number of elements 
in an attempt to determine the variation of u/p 
with \. He concluded: “The linear relation 
established by Hull and Rice between the mass 
absorption coefficient and \*, yu/p= Fr ¥+a/p, 
holds accurately for these substances until as \ 
is increased, the characteristic limit is ap- 
proached, when the values of u/p are increasingly 
too small” (referring to his measured values). 
Other published data show this effect but it 
appears to have been discounted by many 
observers. The decrease in the rate of change of 
u/p, at values of X approaching the critical 
absorption wave-length, is particularly evident 
in the experimentally determined values given 
in Allen’s tables. 
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Fic. 5. Mass absorption coefficients of carbon. 


All available experimental data by different 
observers have been investigated by methods of 
graphic analysis in an effort to obtain an em- 
pirical expression which will represent more 
accurately, the value of u/p for any wave-length 
up to or near the critical absorption wave-length, 
and the relation of yu/p to atomic number. 
Equations (4) and (5) are the result of this 
investigation. 


t/p=aZ"3(2Z/A)—BZ*(2Z/A), (4) 


the values of a and 8 changing at each critical 
wave-length. Z is the atomic number; A, atomic 
weight; and A, wave-length in angstroms. The 
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F1G. 6. Mass absorption coefficients of tantalum. 


quantity 2Z/A corrects for the variation in the 
number of atoms per gram due to the presence 
of isotopes. 

The mass absorption coefficient is the sum of 
the mass photoelectric absorption coefficient 
from Eq. (4) and the mass scattering coefficient 
from Eq. (3). Therefore: 

T Oo 22 22 Z 
=aZ*h*——BZ'—+6,Ny—. (5) 
p p p A A A 

For elements 1, 2, 3, 4, and 5, empirically 
suggested values of a and 6 on the short wave- 
length side of the K critical absorption wave- 
length are: 

ax = 0.00650Z, 
Bx =2.35X10-°. 
For elements 5 and higher: 


ax =(aZ*+bZ—C) 
= (0.0000400Z? +-0.00728Z —0.0114), (6) 


Bx =(dZ*—eZ +f) 
= (0.000380Z? — 0.001522 42.35) K10-®. (7) 
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The values of ax and 8x and a, b, c, d, e, and f 
were selected, after careful consideration, as best 
representing all available experimental data. 

Equation (5) indicates that as the wave-length 
is increased, a point will be reached, at which 
rate of change of absorption coefficient with 
wave-length will decrease as the critical absorp- 
tion wave-length is approached. The effect is 
shown in Fig. 2. It is found that if the values 
are projected beyond the critical absorption 
wave-length, the rate of change finally becomes 
zero, and the absorption coefficient is maximum 
at a wave-length which is 1.0 to 2.0 times the 
critical absorption wave-length, depending on 
atomic number. 

Figure 3 shows the ratio \ max/Ax« plotted 
against atomic number. 

Coefficients of hydrogen, carbon, lead, and 
tantalum (Figs. 4, 5, 6, and 7), as well as coeffi- 
cients of copper (Fig. 2), are representative of 
the entire range of atomic numbers. The calcu- 
lated values are consistent with experiment at all 
values of atomic number and at all wave-lengths. 
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Fic. 7. Mass absorption coefficients of lead. 
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TABLE I. Values of C, D, Z/A, and X for the elements. 
Wave-length in angstroms. [For Eq. (8).] 









Limit Limit 
Z Cc D Z/A AK | Z ¢ D Z/A AK 
1 01289 4.662X10-° 0.9922 47 808.8 624.8 0.4356 0.4844 
2 05197 75.16X19°* 0.4997 504.2 48 854.1 692.2 0.4270 0.4631 
3 0.1517 493.6X10-€ 0.4322 | 49 904.3 768.6 0.4269 0.4429 
4 0.3689 21331076 0.4434 50 §=6952.3 842.0 0.4212 0.4239 
5 0.6006 006791 0.4621 64.3 51 101¢ 941.9 0.4188 0.4060 
6 1.211 01830 0.5000 43.5 52 1042 =:1017 0.4074 0.3892 
7 2.034 03963 0.4997 31.1 | 53 1140-1163 0.4175 0.3734 
8 3.161 0.07739 0.5000 23.5 | 54 1194 1273 0.4112 0.3577 
9 4404 0.1324 0.4736 55 1258 1401 0.4140 0.3440 
10 6.487 0.2353 0.4954 56 1330 §=©1548 0.4076 0.3307 
11 8.503 0.3661 0.4783 57 1421 1725 0.4103 0.3181 
12 11.65 0.5876 0.4934 9.496 | 58 1524 1928 0.4139 0.3062 
13 14.69 0.8583 0.4820 7.935 59 1621 2140 0.4186 0.2951 
14 19.19 1.286 0.4989 6.731 60 1700 2339 OA158 0.2845 
15 23.93 1.768 0.4835 5.774 61 1808 2590 0.4178 
16 29.49 2.538 0.4990 5.008 62 1879 2804 0.4121 0.2644 
17 34.34 3.314 0.4794 4.383 | 63 1990 3090 0.4144 0.2548 
18 38.80 4.174 0.4506 3.865 | 64 2061 3325 0.4068 0.2462 
19 49.47 5.903 0.4859 3.431 65 2174 3649 0.4082 0.2376 
20 60.08 7.907 0.4990 3.064 66 2274 3968 0.4062 0.2301 
21 65.21 9.430 0.4656 2.751 67 2407 4364 0.4097 0.2226 
22 78.06 12.36 0.4592 2.491 | 68 2540 4784 0.4116 
23 84.49 = 14.60 0.4514 2.263 | 69 2639 5160 0.4073 0.2085 
24 98.72 18.54 0.4614 2.065 | 70 2748 5571 0.4045 0.2016 
25 111.2 22.65 0.4551 1.891 71 2886 ©6074 0.4057 0.1951 
26 129.0 2841 0.4656 1.739 72 3007 6564 0.4031 0.1901 
27 143.0 33.96 0.4580 1.604 | 73 3144 (7115 0.4024 0.1836 
28 167.6 42.85 0.4770 1.483 | 74 3285 7701 0.4021 0.1782 
29 178.9 49.09 0.4561 1.377 75 3434 8343 0.4025 0.1735 
30 200.7 59.01 0.4588 1.280 | 76 3543 = 8911 0.3968 0.1675 
31 215.5 67.79 0.4446 1.190 77 3719 9687 0.3987 0.1620 
32 236.9 79.60 0.4407 1.116 | 78 3882 10460 0.3995 0.1577 
33 262.2 93.36 0.4405 1.042 79 «4070 §=11354 0.4006 0.1532 
34 280.6 106.8 0.4305 0.9777 | 80 4233 12212 0.3987 0.1489 
35 313.7 127.0 0.4379 0.9180 S1 4367 13028 §60.3963 0.1444 
36 337.0 144.9 0.4301 0.8637 | &2 4537 13998 0.3957 0.1404 
37 370.5 168.8 0.4330 0.8141) 83 4737 15098 0.3971 0.1367 
38 404.7 195.3 0.4336 0.7683 | 84 4980 16403 0.4565 
39 444.0 226.6 0.4385 0.7255; 85 5180 §=17623 = 0.4009 
40 481.8 259.8 0.4385 0.6873 | 86 5117 17978 ~=—- 0.3873 
41 522.7 297.4 0.4394 0.6515 | 87 5458 19798 0.3901 
42 562.4 337.3 0.4375 0.6184| 88 5685 21284 0.3911 
43 609.6 385.4 0.4396 89 5889 22748. 0.3886 
44 646.1 429.9 0.4326 0.5584 | 90 6083 24240 0.3877 0.1127 
45 702.9 491.9 0.4372 0.5330) 91 6181 25404 0.3888 
46 745.9 548.5 0.4311 0.5079 | 92 6512 27240 0.3863 0.1065 


H-O 2.808 0.06873 0.5549 23.5 
Air 2.768 0.1017 0.4993 3.86 


The values of \x were taken from Compton and Allison (reference 12). 


TABLE IT. Values of o-No. Wave-length in angstroms. Cal- 
culated from Klein-Nishina formula. 








oeNo | A aeNo 8 M X aeNo 
0.01 0.113| 0.10 0.279 0.001000 0.0001000 | 1.0 0.387 
O12 .125| .12 .293 .001728 .0002073/1.2 .390 
O15 140) 15 .309 .003375 .0005062/1.5  .394 
02 .160|} .20 .325 .008000 .001600 | 2.0  .395 
025 .175| .25 .337  .01562 .003906 |2.5 .396 
03 188! .30 .346 .02700 .008100 (3.0  .397 
04 .210| 40 .357 .06400 .02560 [4.0  .397 
05 .226! .50 .365 .1250 06250 5.0  .398 
06 .240! .60 .371  .2160 1296 6.0  .399 

8.0  .400 


08 = .262| .80 380 = 5120 4096 


The values of 4% and 4 are included for convenience and may be 
used in the other ranges of wave-length by suitably moving the decimal 
point. The values of the physical constants used in computing oeNo 
were the same as used by Cuykendal! (reference 11) and Jones (refer- 
ence 10): 


No =6.06 X10 
e =4.767 X10~" e.s.u. 

m =0.9038 X10727 g 
c =2,998 X10" cm/sec. 
h =6.542 X107?' erg/sec. 


Some of the values of oeNo have been interpolated with an accuracy 
of better than 1 percent. 
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From Eq. (5): 
u/p=Cr*—Dd!+0.No(Z/A), (8) 


where 
C=aZ*(2Z/A), 
D=8Z5(2Z/A). 


Table I shows values of C, D, Z/A, and X for 
each element. 

Table II gives values of o,.No at various 
wave-lengths. 

Table III presents calculated values of mass 
absorption coefficients of some common elements. 


COMPARISON OF CALCULATED VALUES WITH 
PUBLISHED EXPERIMENTAL DATA 


Observers disagree as to the correct values for 
certain elements and at certain wave-lengths. 
Since these data are widely distributed in the 
literature, the commonly used data should be 
considered separately. 

The ratio of »/p observed, to p/p calculated, 
has therefore been computed for each of the 
points given by the various observers whose 
data are most widely used. These values comprise 
Tables IV, V, VI, and VII. 

The data in Table IV represent the latest and 
probably most reliable values, obtained with a 
large double crystal spectrometer by Jones!® and 
Cuykendall.!! The values enclosed in parentheses 
evidently are in error. 

The data in Table V were published by 
Richtmyer.® 

The data in Table VI on gases and vapors 
were taken from Compton and Allison” and 
represent the findings of several observers, 
Allen, Allison and Andrew, Colvert, and Woernle. 
(The source of each value is represented by the 
letters in parentheses.) Because of difficulties of 
measurement, the values on gases and vapors 
vary considerably. For wave-lengths above 3A 
the data of Woernle are uniformly about 7 
percent higher for all elements. At this point 
there is an abrupt change, shown in Fig. 8 where 


10M. T. Jones, Phys. Rev. 50, 110 (1936). 

1 T, R. Cuykendall, Phys. Rev. 50, 105 (1936). 

12 A, H. Compton and S. K. Allison, X-Rays in Theory 
and Experiment (D. Van Nostrand Company, New York, 
1935). 
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TABLE III. Calculated mass absorption coefficients. Wave-length in angstroms. 


A \ir Ho H Cc N Oo Al Cu Ag Sn 





0.010 0564 0627 0.112 0565 0565 0565 0545 0516 0500 0484 
0.012 0679 0754 0.135 0680 0680 0680 0657 0623 0605 0589 
0.015 0699 0776 0.139 0700 0700 0700 0676 0644 0636 0621 
0.026 0798 0887 0.158 080G6 0800 0800 0773 0743 0760 0748 
0.025 0873 0.0971 0.173 0875 0875 0875 0847 0825 0886 0882 0.1167 
0.03 0938 0.104 0.186 0940 0940 0940 0911 0905 0.1032 0.1042 0.1547 
0.04 0.104 0.116 0.208 0.105 0.105 0.105 0.102 0.107 0.1416 0.1472 0.2675 
0.05 0.112 0.125 0.224 0.113 0.113 0.113 0.110 0.125 0.1956 . 0.2089 0.4395 0.5690 
0.06 0.120 0.133 0.238 0.120 0.120 0.120 0.119 0.1474 0.2711 0.2956 0.6834 0.8934 
0.08 0.132 0.1467 0.259 0.131 0.131 0.131 0.134 0.2089 0.5026 0.5633 1.423 1.852 
0.10 0.1420 0.1576 0.276 0.1402 0.1410 0.1421 0.1493 0.3012 0.8678 0.9856 2.544 3.247 
0.12 0.1510 0.1673 0.290 0.1480 0.1495 0.1514 0.1667 0.4325 1.395 1.593 4.074 5.054 
0.15 0.1635 0.1808 0.306 0.1590 0.1618 0.1656 0.1983 0.7197 2.547 2.918 7.133 
0.20 0.1843 0.2026 0.3225 0.1716 0.1782 0.1871 0.2730 1.500 5.611 6.407 
0.25 0.2110 0.2305 0.3345 0.1879 0.2006 0.2180 0.3887 2.756 10.33 11.72 
0.30 0.2466 0.2671 0.3436 0.2057 0.2275 0.2577 0.5567 4.590 16.92 19.03 
0.40 0.3527 0.3759 0.3550 0.2560 0.3080 0.3793 1.090 10.35 35.92 39.54 
0.50 0.5218 0.5492 0.3637 0.3331 0.4347 0.5732 1.958 19.45 
0.60 0.7698 0.8034 0.3708 0.4441 0.6191 0.8576 3.241 32.44 
0).80 1.565 1.619 0.3836 0.8025 1.214 1.776 7.353 71.66 
2.859 2.954 0.3968 1.385 2.187 3.276 14.01 129.9 
4.766 4.926 0.4091 2.249 3.626 5.496 23.78 207.5 
9.024 9.347 0.4344 4.191 6.860 10.46 45.41 
20.71 21.58 0.4950 9.587 15.83 24.24 103.9 
39.45 41.39 0.5935 18.39 30.42 46.54 196.0 
66.69 70.45 0.7405 31.41 51.90 79.27 327.2 
134.8 162.3 1.216 73.01 120.1 182.7 720.4 
257.2 308.2 2.002 140.0 229.6 346.9 1299 
434.0 517.4 3.173 237.9 388.1 582.5 2061 
978.9 1155 6.979 545.2 878.7 1301 4006 
1816 2120 13.24 1028 1637 2387 6107 
2972 3428 22.57 1712 2692 3858 
5318 5998 43.66 3160 4858 6743 
10679 11470 102.7 6752 9930 12900 
17020 198.8 11763 16300 19150 
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laste LV. Comparison of calculated mass absorption coefficients with experimental data of Cuykendall (reference 11) 
and Jones (reference 10) for different elements and wave-lengths. 


a ( Na Al kK Ni Cu Mo Ag Ss Ta Pb 


0.05 1.007 — 1.019 0.9913 0.9805 1.031 1.059 ‘ . 1.041 1.054 
0.06 0.9966 1.018 1.016 1.067 (1.084) (1.084) 1.021 O04. d 1.007 1.007 
0.07 0.9952 1.019 1.033 1.032 1.057 1.038 1.080 d ' 1.009 (1.103) 
0.08 1.000 1.031 1.029 1.061 1.041 1.027 1.059 . ‘ 0.9536 0.9875 
0.09 1.005 1.029 1.016 1.074 1.005 1.032 1.056 072 ‘ 0.940 0.9975 
0.10 1.008 1.035 1.005 1.046 1.001 1.015 0.9989 / i 0.958 1.000 
0.11 1.015 1.039 1.004 0.9906 0.9881 1.028 0.9959 0.9747 : (1.034) 0.9943 
0.12 1.018 1.042 1.012 1.007 0.9997 1.004 1.006 0.9770 0.925 1.019 
0.13 1.016 1.044 1.002 1.017 0.9841 0.9966 0.9802 0.9580 0.9671 (0.911) 1.053 
0.14 1.021 1.036 1.028 1.059 1.010 0.9936 0.9792 0.9658 0.9557 (0.909) 


0.16 1.016 1.015 1.017 1.046 0.9558 0.9855 0.9504 
0.184 1.021 1.012 0.9807 1.005 0.9598 0.9725 0.9806 
0.209 1.015 0.9905 0.9624 1.011 0.9725 0.9656 


the calculated values of the mass absorption Allison." Calculated values agree more closely 
coefficient of atmospheric air are compared with with Allen’s tables over a wide range of elements 
his data. and wave-lengths, than with those of any other 

In Table VII only a few elements and repre-_ single observer. Below about 0.20A, Allen’s 
sentative points are selected from the large published data generally disagree with those of 
number of Allen’s values given in Compton and_ all other observers for all elements, and hence 
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these have not been used in this paper. However 
more recent unpublished data just received from 
S. J. M. Allen, agree excellently with Eq. (5) x 
on all wave-lengths. 
0.098 
0.120 
0.135 
0.184 
0.209 
0.234 
0.258 
0.283 
0.308 
0.332 
0.356 
0.368 
0.381 
0.393 
0.405 
0.417 
0.430 
0.453 
0.479 
0.503 
0.551 
0.600 
0.650 
0.715 
0.743 


COMMENT 


Values of constants in Eqs. (6) and (7) are 
empirical and may be expressed in_ several 
other ways; the present form was used in order 
to avoid possible false interpretation. 

Tables I, II, and III were prepared in terms 
of mass absorption coefficients rather than 
atomic absorption coefficients because of the 
practical value of the former. 

Similar data for absorption coefficients be- 
tween the K-—L critical absorption limits will be 
presented later. 

Values of atomic weight used in computing 
ZA are those compiled by Hubbard." 


'S Hubbard, Periodic Chart of the Atoms (W. M. Welch 
Manufacturing Company, Chicago, Illinois, 1935). 


Al 


1.069 

0.9807 
0.9533 
0.9479 
0.9569 
0.9532 
0.9644 
0.9637 
0.9708 
0.9709 
0.9732 
0.9750 
0.9733 
0.9686 
0.9801 
0.9820 
0.9782 
0.9798 
0.9745 
0.9811 
0.9972 
0.9984 
0.9804 


Cu 


1.052 

1.039 

1.031 

1.006 

0.9976 
0.9938 
0.9856 
0.9855 
0.9795 
0.9908 
0.9812 
0.9794 
0.9514 
0.9699 
0.9685 
0.9103 
0.9628 
0.9610 
0.9745 
0.9741 
0.9745 

(0.8697) 


1.077 

1.004 

0.9820 
0.9703 
0.9748 
1.002 

0.9977 
1.004 

0.9855 
0.9868 
0.9813 
0.9756 
0.9669 
0.9599 
0.9448 
0.9759 
0.9615 
0.9858 
1.010 

1.036 


Mo 


0.9551 


(0.9377 


(1.100) 
(1.110) 
1.078 
1.074 
1.065 
1.070 
1.068 
1.071 
1.077 
1.057 
1.094 
1.109 
1.138 


Taser VI. Comparison of calculated mass absorption coefficients of gases and vapors with 


; . . * 
experimental data of various observers. 


7N 10 Ne isA 


1.081(C) 
1.048(C) 
1.059(C) 
1.003(C) 


0.496 
0.560 
0.631 
0.709 
0.885 
O81 
.095 
274 
.279 
.389 
473 
537 
935 


0.9317(A) 0.8755(C) 
0.923(C) 
0.9505(C) 

~ 1.024(C) 


0.9537(A) 
0.9583(A) 
0.9646(A) 
0.9593(A) 


1.015(A) 


1.020(A) 0.9580(AA) 0.9679(AA) 
1.025(A) 


0.981(A) 


1.038(AA) 0.9685(AA) 


0.9719(AA) 


Un tn ke he OD OWN ee 
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1.087(W) 
1.096(W) 
1.053(W) 
1.081(W) 
1.075(W) 
1.082(W) 
1.092(W) 
1.082(W) 
1.129(W) 
1.138(W) 
1.081(A) 

0.9578(A) 


1.014(W) 
1.049(W) 
1.052(W) 
1.081(W) 
1.096(W) 
1.103(W) 
1.085(W) 
1.105(W) 
1.098(W) 
1.093(W) 
1.102(W) 


1.047(W) 
1.071(W) 
1.066(W) 
1.043(W) 
1.059(W) 
1.057(W) 
1.050(W) 
1.057(W) 
1.051(W) 
1.031(W) 
1.077(W) 


1.011(W) 
1.077(W) 
1.097(W) 
1.122(W) 
1.094(W) 
1.094(W) 
1.063(W) 
1.040(W) 
1.017(W) 
0.9398(W) 
0.9237(W) 


17 Cl 
0.9880(C) 
0.9792(C) 
0.9878(C) 
0.9956(C) 


0.9636(C) 


0.9670(C) 


0.9837(C) 


1 il 


1.199(A) 


1.098(A) 
1.098(A) 


1.088(A) 
1.023(A) 


0.8697 (A) 


1.020(A) 
1.013(A) 
1.011(A) 
0.892(W) 


0.8981(W) 
0.9323(W) 
0.9312(W) 
1.007(W) 
1.092(W) 
1.080(W) 
1.067(W) 
0.9887(W) 
0.9316(W) 
0.9265(W) 


TABLE V. Comparison of calculated mass absorption coef- 
ficients with experimental data of Richtmyer (reference 5). 


1.026 

) 1.003 
0.9981 
0.9961 
0.9849 
0.9732 
0.9614 
0.9526 
0.9522 
0.9538 
0.9490 
0.9342 
0.9383 
0.9356 


0.9229(W) 
0.9798(W) 


0.9690(W ) 
0.9864(W ) 
0.9808(W) 


0.9996(W) 
1.089(W) 
1.095(W) 
1.083(W) 
1.092(W) 
1.109(W) 
1.111(W) 
1.112(W) 
1.122(W) 
1.097(W) 
1.121(W) 


* (A) =Allen; (AA) =Allison and Andrew; (C) =Colvert; and (W) =Woernle. 
laken from Compton and Allison (reference 12), 522-525 and 800-806. 
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Taste VII. Comparison of calculated mass absorption 
coefficients with experimental data from Allen 
(reference 12). 


d ( Al Cu Mo \g Sn Ta Pb 
0.130 1.072 1.021 1.029 
0.142 0.9663 1.053 1.051 1.067 
0.146 1.049 0.9826 1.011 
0.158 1.006 1.022 1.011 
0.175 0.9925 1.040 1019 1.012 0.9765 
0.178 1.001 
0.184 1.005 0.9975 1.021 
0.200 1.016 0.9900 1.033 1.048 0.9766 0.9676 
0.220 0.9668 0.9390 
0.260 0.9573 1.027 0.9653 0.9913 0.9815 
0.331 0.9877 0.9971 
0.380 0.9733 0.9402 (0.9178) 0.9904 0.9756 
0.417 0.9580 0.9653 0.9828 0.9762 1.027 1.028 
0.424 0.9723 1.023 
0.476 1.015 0.9810 0.9661 1.085 
0.485 0.9822 
0.497 0.9859 0.9618 1.032 
0.560 0.9723 0.9532 
0.618 1.052 
0.631 0.9983 0.9699 
0.680 0.9789 0.9864 
0.710 1.000 0.9860 
0.780 1.009 
0.814 1.015 1.007 
0.850 1.010 1.001 
0.880 0.9844 
0.900 0.9868 1.001 
0.949 1.007 
1.00 1.007 1.000 
1.23 1.042 
1.29 1.047 
1.38 1.010 
1.53 1.018 
1.93 0.9502 
2.50 0.9679 0.9846 
3.38 1.006 
4.15 (0.9060) 

5.17 1.032 
6.97 1.062 0.9494 
9.87 1.073 
13.3 (0.9534 
17.6 (0.8871) 
CONCLUSIONS 


An empirical equation (5) is presented by 
means of which mass absorption coefficients for 


all elements may be calculated with an accuracy 
greater than that obtained experimentally by 
any single observer over a wide range of elements 
and wave-lengths. 

The calculative method is useful when it is 
desirable to correlate the absorption for various 
conditions for which only incomplete data are 
available, and for elements for which data are 
not otherwise available. 

Evidence exists to support the conclusion that 
absorption of an element is dependent only on 
its atomic number Z and is independent of its 
isotopes except insofar as this affects the number 
of atoms per gram in the mass absorption 
coefficient. 
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Fic. 8. Mass absorption coefficients of atmospheric air. 


Good agreement is obtained with the Klein- 
Nishina formula for all elements. 

The continuously from 
element to element from 1 to 5 and 5 to 92. 

The coefficients between the K and L critical 
absorption wave-lengths follow the same laws as 
for the region shorter than the K limit with a 
change in the values of Eqs. (6) and (7), but are 
not a continuation of the values on the short 
wave-length side of the K limit multiplied by 
the ratio \z1/AKx, as suggested by Jénsson." 

The calculated values may not strictly hold 
up to the critical absorption wave-length but by 


absorption varies 


graphical evaluation this appears to be true. 

4 E, Jénsson, Thesis, Upsala. See Compton and Allison's, 
X-Rays in Theory and Experiment (D. Van Nostrand 
Company, New York, 1935). 
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